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In general, the experimental procedure used to determine the availabil- 
ity of nitrate or ammonium ions to plants has involved culture solutions that 
provide but one of the two ions. In experiments of this sort in recent years, 
care has been taken to maintain the pH of the solution within a range found 
appropriate for absorption by plants. The work in this field by Dr. J. W. 
Suive and his associates at the New Jersey Agricultural Experiment Station 
has been outstanding ; TrepJENs and Rossins (11), for example, have shown 
that tomato and soybean plants grown at pH 7.9 in ammonium salt culture 
solution, or at pH 4.0 in nitrate solution, were almost equally well developed. 

The effect upon the detailed chemical composition of tomato plants grown 
under the two conditions has been studied in this laboratory by CuarK (2), 
who observed that the organic acid content of leaves and stalks was greatly 
depressed in plants grown in ammonium salt solution as compared with 
those grown in nitrate solution. Protein and several soluble nitrogenous 
components were, on the other hand, increased in the plants grown on am- 
monium salts, the production of glutamine in particular being enormously 
stimulated. Detailed comparison of the effects of the two different nutrient 
conditions was made difficult, however, by the fact that the plants grown 
with ammonium salts were much smaller than those grown with nitrate, 
although both were setting fruit at the time of harvest. 

In order to follow more closely the effect upon tissue composition of 
nitrate versus ammonium salt nutrition, it is desirable to grow the plants 
in a series of culture solutions of similar over-all composition, but with the 
relative proportion of nitrate to ammonium ions varied in regular steps 
from all-nitrate nitrogen to all-ammonium nitrogen. Such an experiment 
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was carried out a few years ago in this laboratory upon the tobacco plant 
(16). Plants grown on a culture solution 20% of the nitrogen of which 
was present as ammonium ion (the balance as nitrate ion) were stimulated 
with respect to those that received all of their nitrogen as nitrate ion, being 
larger and better developed. Plants that received 40% and 60% of their 
nitrogen as ammonium ions were approximately of the same size as the 
all-nitrate plants, as measured by the organic solid content, and could there- 
fore be closely compared with respect to chemical composition. Plants that 
received 80% and 90% of the nitrogen as ammonium ions were successively 
smaller ; nevertheless, the data for composition in terms of grams per plant 
fell upon smooth curves when plotted against the composition of the culture 
solution, and comparisons upon a concentration basis of any of the com- 
ponents were apparently valid throughout the series. 

As in the case of Clark’s experiments with the tomato plant, the out- 
standing differences, as the relative proportion of the nitrogen supplied as 
ammonium ions increased, were in the composition with respect to organic 
acids and in certain of the soluble nitrogenous components. Organic acids 
decreased in amount per plant and in concentration, especially in the case 
of malic acid, to a fraction of that present in the nitrate plants; distribu- 
tion of the organic acids also varied greatly. In short, plants grown with a 
high proportion of the nitrogen supplied as ammonium salt were, in many 
details of their chemical composition, entirely different from those grown 
with a high proportion of nitrate. These results suggest the importance, in 
connection with the present investigation of crassulacean plants, of study- 
ing the effect upon the organic acid composition of the step by step replace- 
ment of nitrate in the culture solution by ammonium salts. Plants of this 
family differ from the more thoroughly investigated species such as tomato, 
tobaeco, and rhubarb, not only in over-all organic acid composition but also 
in diurnal variation in organic acid content. They therefore possess an 
unusually active organic acid metabolism. 

This report contains results of the analysis of leaves and stems of Bryo- 
phyllum calycinum plants grown with the aid of a series of culture solu- 
tions, the first of which provided all nitrogen as nitrate ion, the second and 
third, 50% and 75%, respectively, of the nitrogen as ammonium ion (the 
balance being nitrate ion), and the last of which provided all nitrogen as 
ammonium ion. The other components of the solutions were held constant, 
the sulphate ion alone being increased in proportion to the increase in am- 
monium ion. In addition, the effect of a potassium-deficient culture solu- 
tion was studied in order to see what, if any, influence the lack of an ade- 
quate supply of potassium would exert upon the composition of the tissues. 
This solution contained about 14% of its nitrogen as ammonium ion, the 
balance as nitrate. 

Growth of the plants 


Culture solutions were prepared with the composition shown in table I. 
Stock solutions of each of the salts were provided in 0.5 M concentration 
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TABLE I 

COMPOSITION OF CULTURE SOLUTIONS. (FIGURES ARE MOLARITY OF THE SOLUTION AS USED) 

5 PERCENTAGE OF NITROGEN AS AMMONIUM NITROGEN PorassIuM- 

SALT. DEFICIENT 
0% 50% 75% 100% 

KH,PO, 0.001 0.0031 0.0031 
MgSO, 0.0014 0.0014 0.0014 0.0014 0.0014 


and the culture solutions were made up in 10 liter lots with tap water. 
Boron and manganese salts, sufficient to provide 1 p.p.m. of these elements 
in the final volume, and enough of Hoagland’s A—Z solution to provide 0.01 
to 0.02 p.p.m. of the minor elements were added before dilution. The reac- 
tion was finally adjusted to pH 5.8 with sulphurie acid. Each culture solu- 
tion contained 212.8 mg. of nitrogen per liter. 

The plants were grown as described in the first paper of this series (8) ; 
on March 20, 1941, 25 young plants were transplanted into washed sand in 
one-gallon crocks and allowed to establish themselves for nine days, a 
nitrate-containing culture solution being provided. At this time, five sets 
of two plants each, selected for uniformity of size, were flushed with water 
until nitrate could no longer be detected in the effluent; they were then 
treated in a series with the culture solutions, the drip method of Shive being 
employed. After 46 days, it became more convenient to add the culture 
solution in portions of 500 ml. every other day. 

There was no marked difference in the behavior of the plants until after 
42 days when the 100% ammonia plants began to develop yellow mottling of 
the leaves and brown tingeing of some leaf margins. At intervals during the 
course of the experiment, samples of sand were taken from the crocks by 
means of a cork-borer and the pH of an aqueous suspension was determined. 
The results suggest that the changes in the appearance of the leaves did not 
arise from undue acidity of the cultures (table II). The plants were har- 


TABLE II 
OBSERVATIONS OF PH OF SUSPENSIONS OF SAND IN WHICH PLANTS WERE GROWING 
OF DAY = 
a 0% 50% 75% | 100% 
0 5.8 6.0 5.8 6.0 
42 5.9 5.1 5.2 49 
57 5.9 5.0 51 46 
70 5.5 51 45 | 47 
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vested after 70 days on June 9 at 8:00 a.m., the time of day being chosen 
to provide leaf tissue still considerably enriched in organie acids. 

The nitrate plants were obviously healthy, the leaves being fully green. 
The lower leaves of the 50% ammonia plants were slightly mottled with 
yellow; those of the 75% ammonia plants showed this effect extending 
somewhat higher up the plant and the edges of the lower leaves were red- 
dish yellow in color. The 100% ammonia plants bore leaves all of which, 
except the topmost, were yellow mottled with reddish brown edges, while 
the plants themselves were definitely smaller than the others. The potas- 
sium-deficient plants likewise showed mottling of the lower leaves while 
those in the middle region were yellowish in color and withered at the 
edges. Only the top leaves were fully green. Many of the leaves were 
curled down at the tips and up and inward at the edges. 


TABLE III 


FUNDAMENTAL DATA ON COUNTS AND WEIGHTS OF SAMPLES OF Bryophyllum calycinum 
PLANTS GROWN FOR 70 DAYS. (FIGURES ARE THE TOTAL FOR TWO PLANTS) 


PERCENTAGE STEMS AND 
or LEAVES STEMS PETIOLES vanesas 
NITROGEN ——}- + 
AS CRUDE . CRUDE 
AMMONIUM | No. a. DRY LENGTH a. No. — DRY 
NITROGEN | WEIGHT WEIGHT 
gm. gm, em. em. gm, gm. 
0 131 618.4 65.2 108 1.5 40 222.9 19.1 
50 133 517.0 53.7 103 1.4 40 180.0 14.0 
75 128 463.7 48.3 104 1.3 40 158.6 13.7 
100 121 341.6 | 38.6 90 1.1 40 102.4 12.1 
POTASSsIUM- 
DEFICIENT 114 481.9 52.4 91 1.3 40 130.2 10.5 


Dissection of the plants and preparation of the tissues for analysis 
were carried out as previously described. The record of counts and weights 
of leaves and stems (table III) shows the progressive effect upon the size 
of the plants of the substitution of nitrate by ammonium ion. It is to be 
noted that the number of leaves and the height of the plants were not 
greatly influenced, although the fresh and dry weights were. In most in- 
stances the two plants forming each sample differed from each other by 
less than 5% ; however, the difference between the fresh weights of the two 
50% ammonia plants was about 9%. 


Expression of analytical data 


The analytical data shown in the figures are expressed as grams per 
single plant in the lower part of most of the diagrams and, in concentration 
units, as grams per kilo of fresh tissue weight in the upper part. The 
points are plotted as open circles. The composition of the leaf tissue is 
shown by the solid lines, that of the stem tissue by broken lines. The seale 
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of abscissas is uniform throughout and shows the percentage of the nitrogen 
present in the culture solution as ammonium ion. 

The composition of the potassium-deficient plants is plotted by points 
placed at 14% on the scale of abscissas since this culture solution contained 
14% of its nitrogen m the form of ammonium ion. However, these points 
ure not connected by lines to the others since this culture solution differed 
in composition with respect to both potassium and phosphorus, and the 
composition of the potassium-deficient plants cannot be regarded as a con- 
tinuous function of the ratio of the forms of nitrogen in the other solutions. 
The composition of the leaf tissue of the potassium-deficient plants is shown 
by filled circles, that of the stem tissue by half-filled circles. Many cases 
will be noted in which these points lie at a considerable distance from the 
_ plotted lines showing the composition of the plants in the ammonia series. 


Organic solids, water, and ash 

Figure 1 shows the organic solids. The curve for the leaf in terms of 
grams per plant follows a straight line course, within the limits of error 
of the determinations, and the 100% ammonia plants contained approxi- 
mately 63% as much organic material as the 100% nitrate plants. The 
eurve for the stems follows a similar course, the decrease being to about 
75% of the quantity in the nitrate plants. The potassium-deficient plants 
contained appreciably less organic solids both in leaf and stem than would 
correspond to their position on the seale of percentage of ammonium 
nitrogen supplied; the leaves contained 83% and the stems 64% as much 
organic solids as those of the nitrate plants. 

The effect of alteration of the form of nitrogen in the culture solution 
upon the concentration of organic solids in terms of fresh weight is shown 
(upper part of fig. 1). The 50% ammonia plants were similar to the nitrate 
plants, but the curves for leaf and stem turn sharply upward as the propor- 
tion of ammonia nitrogen was increased beyond this point. The explanation 
of the increase in the concentration of organic solids coupled with a decrease 
in the actual quantity present is to be found in the behavior of the water 
(fig. 2). The change was not quite linear, but water in the leaves dropped 
from 278 gm. to 153 gm. per plant, that of the stems from 104 gm. to 45.6 
gm. over the series. A relationship that is helpful in visualizing the nature 
of these changes is the hydration factor, that is: the number of grams of 
water associated with 1 gram of organic solids (table IV). 


TABLE IV 


HYDRATION FACTOR OF BRYOPHYLLUM TISSUES. (GRAMS OF WATER 
PER GRAM OF ORGANIC SOLIDS) 


PERCENTAGE OF NITROGEN AS AMMONIUM NITROGEN 


POTASSIUM- 


TISSUE 
0% 50% 75% 100% DEFICIENT 
10.3 10.3 10.1 9.0 9.6 
14.8 14.3 12.5 10.7 13.6 
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The ratio between water and solids in the leaves remained constant 
until all the nitrogen was being supplied as ammonia ; in the stem, however, 
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Figs. 1-9. Analytical data for organie solids, water, and nitrogenous eomponents. 


the ratio had begun to drop at the 50% ammonia level and the total change 
was much greater than in the leaf. Thus, in the leaf, the change in water 
content (per plant) kept step with the change in quantity of organic solids ; 
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in the stem, the character of the organic substances changed in such a way 
that the water-holding capacity was greatly diminished. There was also 
a change in the potassium-deficient plants although it was not great in the 
leaves. Thus, change in water-holding capacity is not specifically corre- 
lated with ammonia nutrition. 

A substantial part of the change in solids of the leaf tissue can be 
accounted for in terms of a diminution of organic acids with increase in 
the proportion of ammonia in the culture solution, but only a small part 
of the change in the stem can be so explained. Because organic acids them- 
selves would not be closely concerned with water-holding capacity, to this 
extent the failure of the leaves to exhibit gross change in hydration factor 
is comprehensible. The alteration in composition of the stem tissue must, 
however, have been directly concerned with components that are involved in 
the degree of hydration of the tissue. It should perhaps be pointed out that 
the behavior of the stem tissue cannot be accounted for in terms of the 
capacity of the roots of these plants to absorb water. All the plants were 
turgid and the leaves even of the ammonia plants were doubtless transpir- 
ing. 

Concentration of the water in terms of fresh weight is shown in figure 2. 
The leaves remained practically constant in composition throughout the 
series, containing just over 90% water. The value dropped to 89.4% only 
in the 100% ammonia plants. On the other hand, the stem was already 
detectably affected when the proportion of ammonia reached 75%, the range 
in water content over the entire series being from 92.8% to 88.9%. It will 
be noted that the points for the potassium-deficient plants fall on the curves 
for concentration of water in the tissue but below the curves for quantity 
per plant. 

The ash content of these plants is not plotted. The change was a linear 
one from 3.5 gm. per plant in the leaves of the nitrate plants to 1.26 gm. in 
the 100% ammonia plants. The corresponding figures for the stem are 
0.95 gm. and 0.37 gm. per plant. The change in concentration was likewise 
linear, dropping from 11.2 gm. to 7.38 gm. per kilo in the leaves and 8.56 
gm. to 7.23 gm. per kilo in the stems. 


Nitrogenous components 


The behavior of total nitrogen of the tissues in response to the change in 
form in which the nitrogen was supplied is shown in figure 3. The quantity 
of nitrogen in the leaves diminished as the proportion of ammonia increased 
in the culture solution, the drop at the highest ammonia level being quite 
sharp. The change was not exactly proportional to the change in the quan- 
tities of organic solids; in the upper part of figure 3, the percentage of 
nitrogen in the organic solids is shown (dash and dot line; ordinates to be 
read as percentage). This curve would be a horizontal straight line if 
strictly proportional changes had taken place. Actually, the curve rises 
and falls, showing that, at intermediate levels of ammonia nutrition, the leaf 
tissue solids were relatively enriched in nitrogen. 
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The curve for the quantity of nitrogen in the stems rises slightly at the 
50% level and then falls. This effect is shown more clearly in the upper 
part of the figure by the curve for the concentration in terms of fresh weight. 
The percentage of nitrogen in the organic solids of the stem is not plotted 
since most of its course falls outside the scale of the diagram; the organic 
solids of stems of the nitrate plants contained 3.5% nitrogen while those 
of the 50% ammonia plants contained 4.3%. The proportion then dropped 
to 2.4% in the 100% ammonia plants. Thus, although the actual quantity 
of nitrogen in the stems of these plants did not change greatly but followed 
a smooth diminishing curve, the changes in relation to the fresh weight and 
especially to the organic solids were quite large. Much of the change in the 
nitrogenous composition of the stem tissue arose from the variation in nitrate 
nitrogen content occurring as a result of the alteration in composition of the 
nutrient solution; the profound drop in nitrate content had little effect 
upon the organic solids but greatly influenced the relative distribution of 
nitrogen in other forms. 

Protein nitrogen is plotted in figure 4. The curve for the leaves shows a 
substantial increase in protein content at the 50% level of ammonia and a 
small one at the 75% level as compared with the nitrate plants. The smaller 
100% ammonia plants contained less leaf protein than the nitrate plants. 
Leaves of the potassium-deficient plants contained a quantity of protein 
that places the point well below the curve for the ammonia series. How- 
ever, the point is exactly on the curve for concentration in terms of fresh 
weight in the upper part of the figure. The quantity of protein nitrogen in 
the stem was scarcely affected by the form of nitrogen in the culture solu- 
tion, the curve being nearly a straight line with a slight downward slope. 

In the upper part of figure 4, data for protein nitrogen are plotted as 
grams per kilo and also as percentage of organic solids (dash and dot line; 
ordinates to be read as percentage). There was a marked enrichment of 
the leaves in protein at the 50% ammonia level and, at higher proportions, 
there was only a moderate diminution in the concentration of protein 
whether measured in terms of fresh weight or of organic solids. 

The apparent behavior of the protein nitrogen of the stem differs accord- 
ing to the method of expression. In terms of grams per kilo, there was a 
continuous increase along a smooth curve that became steeper in slope at 
high proportions of ammonia. In terms of organie solids, there was an 
increase followed by a decrease. The difference between the two curves is 
probably attributable mainly to the difference in hydration factor of stem 
tissue resulting from the increase in proportion of ammonia in the culture 
solution. 

The general picture of behavior of the protein nitrogen in these plants 
suggests that a moderate proportion of ammonia in the nitrogen supplied 
by the culture solution is favorable for the synthesis of protein in leaves. 
This conclusion is emphasized by data for the soluble organic nitrogen (fig. 
9). Protein nitrogen was increased at the 50% level although the organic 
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soluble nitrogen decreased; this suggests that the 50% ammonia culture 
solution was more efficiently utilized for the synthesis of protein in the 
leaves than were either the 100% nitrate or the 100% ammonia solutions. 
An analogous case has been observed in the tobacco plant (16) ; here a sub- 
stitution of 20% of the nitrate in the culture solution by ammonia gave rise 
to a larger plant with an increased quantity of protein in the leaves. In 
this case, also, the concentration of the protein in terms of organic solids 
was increased, but the concentration in terms of fresh weight was not. 
Protein nitrogen in the leaves of the potassium-deficient plants was a little 
low in comparison with the others; that in the stem, however, was almost 
in line. 

The quantities of nitrate nitrogen are shown in figure 5. The stem tissue 
was far more enriched in this component than the leaf, the difference be- 
tween the two being emphasized by data caleulated on a concentration 
basis. Both tissues show a relatively smooth progression in the quantities 
of nitrate nitrogen contained, the curve for the leaf being nearly a straight 
line dropping almost to zero at the 100% ammonia level. Nitrate ion was, 
however, detectable in both leaf and stem of these plants, possibly having 
arisen as a result of a slight nitrifying action in the sand in which the plants 
were grown. Nitrate nitrogen in the leaves of the nitrate plants accounted 
for 6.1%, that of the stems for 44.5%, of the nitrogen contained in these 
tissues. These proportions dropped to 1.5% and 1.0% in the 100% am- 
monia plants. 

Nitrate nitrogen in the potassium-deficient plants falls close to the eurve 
of concentration for both leaf and stem of the other plants, but the actual 
quantity in the stem was much less than would have been expected from the 
relation of ammonia to nitrate in the culture solution. This was not true 
for the leaf; in this tissue, the point falls almost on the curve for the am- 
monia series of plants. The explanation may be that stems of the potassium- 
deficient plants were proportionately smaller both in fresh weight and 
organic solids. Behavior of the nitrate in this series of plants was analogous 
to that observed in tobacco plants (16). Although, in tobacco, the leaf 
rather than the stem is the organ in which nitrate mainly accumulates, a 
progressive diminution in the quantities of nitrate was likewise observed. 

The behavior of ammonia nitrogen in the plants is shown in figure 6. The 
quantities present were much smaller than were those of nitrate, the scale 
of figure 6 being ten times larger than that of figure 5. The curves are not 
the converse of those for the nitrate nitrogen as might be anticipated, and 
it is clear that Bryophyllum, unlike tobacco, is not a plant that can be in- 
duced to store any considerable quantity of ammonia even when all of its 
nitrogen is supplied in this form. The curve for the quantity present in 
the leaf rises to a maximum at the 50% level of ammonia nutrition, that 
for the stem to a maximum at the 75% level and both then decrease. The 
eurve of concentration in the leaf also rises to a maximum at the 50% level, 
but the 100% ammonia plants contained little more than the 100% nitrate 
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plants. Gnly in the stem is there a progressive increase in ammonia con- 
centration, but this begins at the 50% level. The impression is given that 
ammonia absorbed by the plant is promptly assimilated into other forms, 
especially in the leaf. The stem, however, is the chief locus of such storage 
of excess ammonia over the needs of the plant as can be demonstrated ; this 
is true also of nitrate. The potassium-deficient plants also appeared to be 
able to store ammonia in the stem; the point in figure 6 which shows the com- 
position of these plants is located well above the curve for the ammonia 
plants. Owing to the large scale of this diagram, however, the position of 
the point is somewhat misleading ; as these plants contained only about 3 mg. 
of ammonia nitrogen more than the nitrate plants, the difference is less sig- 
nificant than it appears. The presence of a little excess free ammonia in the 
stems of the potassium-deficient plants cannot be attributed to any serious 
interference with the capacity to synthesize protein. Concentration of pro- 
tein in the stems was greater than in the ammonia series of plants (fig. 4). 

The influence of ammonia nutrition upon the glutamine metabolism of 
the plants is shown in figure 7. In the leaves, the quantity of glutamine flue- 
tuated in an irregular manner which did not suggest an effect that pro- 
gressed with increasing intensity as the proportion of ammonia in the eul- 
ture solution was increased. The level of glutamine in the leaves of the 
nitrate plants was low, being 0.4% of the organic solids and increasing to 
0.9% in the 50% ammonia plants, subsequently diminishing. If there was 
a tendency for increased synthesis at the higher ammonia levels, it was not 
expressed in the composition of the leaf tissue, possibly because the glutamine 
was utilized for other purposes; certainly no striking storage phenomenon 
could be demonstrated. In the stem, on the other hand, there was evidence 
ef progressive synthesis and storage of glutamine under the influence of 
ammonia nutrition. The quantity per plant increased along a smooth curve 
up to the 75% level of ammonia in the culture solution and then remained 
constant ; in terms of grams per kilo of fresh weight, the curve also showed 
a smooth progression, in this case extending to the 100% ammonia plants. 

In order to illustrate the order of magnitude of the effect, a curve for 
the quantity of glutamine amide nitrogen as percentage of organic solids 
(dash and dot line; ordinate to be read as percentage) is also plotted (fig. 
7). These figures, if multiplied by the factor 10.4, give the percentage of 
glutamine in the organic solids; the stem tissue of the nitrate plants con- 
tained 0.6% glutamine, and the proportion increased along the curve indi- 
cated to 3.3% of organic solids of the stems of the 100% ammonia plants. 
In these plants, therefore, glutamine had become a highly significant com- 
ponent of the stem tissue and storage was clearly evident. 

This behavior is analogous to that of the stem tissue of tomato plants 
(2) grown on ammonium salts and also to that of the root tissue of the beet 
plant (13) after treatment with ammonium salts. In both of these species, 
observations of from 2% to 5% of glutamine have been recorded. On the 
other hand, there is a marked contrast with the behavior of the tobacco 
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plant which did not respond in this way. It is of interest to note that the 
potassium-deficient plants also were relatively enriched in glutamine, par- 
ticularly in the stem. This is a result that merits further study. 

The metabolism of asparagine in Bryophyllum is quite different from 
that of glutamine. Quantities present under any conditions of nutrition 
are minute (fig. 8), and none whatever was detected in either the leaves or 
the stems of the 50% ammonia plants, although there was a small amount 
in both tissues of the nitrate plants. As the proportion of ammonia in the 
culture solution was increased beyond 50%, a little asparagine was formed 
in the leaves but none appeared in the stems. This species is thus quite 
different from tobacco, the stem of which showed an increase in asparagine 
when the plants were grown under similar conditions. However, even 
tobacco plants grown with most of their nitrogen (7.e., 80% and 90%) sup- 
plied as ammonia contained only traces of asparagine in the stem, although 
the leaves were somewhat enriched in this component. 

These results suggest that the metabolic functions of the amides gluta- 
mine and asparagine are not the same in Bryophyllum. This conclusion 
seems valid also for the beet and tobacco plants. The differences in response 
of various species to impressed conditions that provide an increased concen- 
tration of ammonia in the cells have been interpreted (15) in terms of the 
relative availability of the non-nitrogenous precursors required for synthesis 
of the respective amides. These are assumed to be oxaloacetice acid in the 
case of asparagine and g-ketoglutarie¢ acid in the case of glutamine and are 
supposed to arise in the course of the enzymatic transformations of organic 
acids summed up under the term, ‘‘respiration.’’ Thus, the nature of the 
amide formed under any given set of conditions is a function not only of 
the supply of ammonia but also of the details of reactions concerned with 
respiration. Although, admittedly, this concept is vague, it is more broadly 
useful when an attempt is made to account for the behavior of amides in 
plant tissues, than is the ‘‘detoxication’’ hypothesis of PRIANISHNIKov (7) 
which assumes that the main function of the amides is to maintain the con- 
centration of ammonia in the tissues at a low level. 

Changes in the organic soluble nitrogen are shown in figure 9. In the 
leaves, there was a sharp fall in soluble nitrogen at the 50% level of am- 
monia nutrition, and reference to figure 4 shows that this was accompanied 
by an increase in the amount of protein. Both changes are also conspicu- 
ous in the curves for concentration in the upper parts of the figures, and 
it is tempting to assume that at this point in the series a more efficient protein 
synthesis became possible, and to suppose that there is a cause and effect 
relationship. However, as the proportion of ammonia in the culture solu- 
tion was further increased, there was only a small increase in the amount 
of soluble nitrogen and this was coupled with a marked decrease in protein. 
Thus the position of the equilibrium between protein and the soluble com- 
ponents from which protein is presumably synthesized in the cells is strongly 
influenced by the composition of the culture solution with respect to the 
form of nitrogen supplied. 
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In the stem, the quantity of organic soluble nitrogen remained nearly 
constant throughout. The concentration, however, increased over the entire 
series although, at the 50% point, there was a disproportionately large in- 
crease. These changes, when compared with the behavior of the protein 
(fig. 4), show progressions again in opposite directions, as was noted in the 
leaf, although the magnitudes are smaller. 

The qualitative composition of the soluble nitrogen fraction in the stem 
must be quite different from that of the leaf. For example, the proportion 
of the organic soluble nitrogen present as the nitrogen of glutamine ranged 
from 10.7% in the nitrate plants to 47.8% in the 100% ammonia plants and, 
when plotted, was found to follow a curve that did not depart greatly from 
a straight line; in the leaf, the proportion followed an irregular course 
ranging from 9% in the nitrate plants to 35% at the 50% level but dropped — 
to 16% in the 100% ammonia plants. Unfortunately, a more detailed 
analysis of the composition of the organic soluble nitrogen was not attempted 
and conclusions regarding the proportions of amino acids in the leaf and 
stem, and of the effect of ammonia nutrition upon these components cannot 
be drawn. It is clear, however, that notwithstanding the striking inerease 
in glutamine and ammonia in the stem, the over-all increase in quantity of 
soluble nitrogen was still greater. There was no effect analogous to the 
behavior of such tissues as the hypocoty! of certain varieties of etiolated 
lupine seedlings in which asparagine accumulates to such an extent that it 
alone accounts for the greater part of the soluble nitrogen (10). 


Organic acids 


The total organic acids present in this series of Bryophyllum plants are 
plotted in terms of milliequivalents per plant and milliequivalents per kilo 
of fresh tissue (fig. 10). Changes in these components were major ones, and 
as will be seen, followed what seems to be a general rule, namely, that in- 
crease in the proportion of ammonia in the culture solution in which the 
plants are grown is accompanied by a marked decrease in the amount and 
concentration of at least some of the organic acids present in the tissues. In 
the present case, the decrease followed a moderately steep straight line curve 
for the leaf tissue. The acids of the stem, on the other hand, although they 
decreased in absolute quantity and by as much as 50% of the amount pres- 
ent in the nitrate plants, increased slightly in concentration as caleulated 
from the fresh tissue weight. This, however, is another effect of the altera- 
tion in the hydration factor of the stem solids; in terms of concentration 
in the organic solids, there was a decrease. 

Change in the form of nitrogen in the culture solution is not the only 
condition that produces such an effect. Potassium deficiency also dimin- 
ished both the quantity and the concentration of the organic acids in the leaf 
tissue as is shown by the points for these plants plotted in the figure. More 
complete investigation of this matter is clearly required. 

Figure 11 shows the quantities of the individual organic acids in the 
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leaf. It will be noted that, in this series of plants, the malice acid consider. 
ably exceeded the isocitric acid, a condition unlike that encountered in the 
plants described in the previous paper of this series (8). The difference 
arose as a result of the time of day at which the plants were harvested. 
The present plants were collected at 8:00 A.M. (Standard Time), at which 
time the leaves were still enriched in organic acids and the deacidification 
process had not proceeded very far. The plants described in the previous 
paper, on the other hand, were collected a few minutes past noon on sunny 
days, the time and conditions being selected so that the deacidification proe- 
ess had become quite extensive although it was probably not complete. 
Inasmuch as malice acid undergoes major changes in quantity during the 
day, the reason for the difference in the composition of the plants employed 
in the two experiments is clear. 

The effect of increase in proportion of ammonia in the culture solution 
upon the quantity of malic acid in the leaves is striking. If it can be 
granted that the several groups of plants were harvested at exactly the 
same stage in the deacidification process (and the smoothness of the curves 
suggests that the precautions taken to achieve this were moderately suc- 
cessful), there seems little doubt that malic acid is in some way concerned 
with metabolism of nitrate. The functions of this acid in the plant are 
doubtless complex; if present-day views of the chemical mechanisms con- 
cerned with respiration are correct (1, 15), malic acid forms one of the 
members of the group of organic acids which undergoes enzymatic transfor- 
mations, the net result of which is the absorption of oxygen and elimination 
of carbon dioxide. These transformations are conceived to be arranged in 
a cycle (3, 5) so that, as malic acid is used it is also renewed, the total con- 
centration present supposedly remaining essentially unchanged. This 
sequence of reactions must go on not only in the nitrate plants but also in 
the ammonia plants. Accordingly, if it be assumed that the respiration 
rate per plant did not vary greatly over the series (an assumption that is 
safe only as a first and very rough approximation), it follows that the quan- 
tity of malic acid in the 100% ammonia plants represents the quantity 
required for respiration alone. What, then, is the function of the consid- 
erably larger quantity of malic acid in the nitrate plants? The sequential 
change in quantity over the series, as the proportion of nitrate in the culture 
solution diminished, strongly suggests that malic acid is involved in the 
reactions whereby nitrate ion is reduced. If this is so, it would appear 
that somewhat more than one-half (the figures suggest five-eighths) of the 
malice acid present may be so concerned. 

Even this supposition, however, does not necessarily exhaust the possi- 
bilities. The Bryophyllum plant is a species which undergoes extensive 
diurnal change in malice acid content, and there is no reason to assume that 
the fluctuations are in any way concerned with the reduction of nitrate, 
although they may be concerned with the respiration. Nevertheless, the 
possibility should not be overlooked that there is a third and still unknown 
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function of malic acid, this function being one that is especially pronounced 
in erassulacean plants. 

Probably the most striking feature of figure 11 is the fact that the 
diminution of malic acid is accompanied by a corresponding diminution in 
isocitric acid content. Over the greater part of their course, the two curves 
are parallel straight lines within the limits of error of measurement. Thus, 
the situation that led to a less extensive synthesis of malic acid had an equal 
effect upon the quantities of isocitric acid that were formed in the leaf tissue. 

A metabolic relationship between these two acids is to be anticipated; 
both are members of the so-called tricarboxylie acid cycle of Kress (3) and 
are known to be concerned in the respiration of animal tissues. However, 
that both should be equally affected by the replacement of nitrate in the 
culture solution by ammonia implies that both in some way enter into the 
reactions whereby nitrate is reduced. The observation foreshadows the 
erection of an hypothesis of the mechanism for reduction of nitrate in plant 
tissues. This hypothesis will involve a sequence of enzymatic transforma- 
tions of organic acids, possibly a series arranged in a cycle, and it seems 
evident that two of the substances concerned in this series, at least in the 
Bryophyllum plant, will be malic and isocitrie acids. 

Citrie acid also was diminished in quantity in the leaf tissue by the 
change in culture solutions. The change involved a drop from 14 m.e. to 
3.5 m.e. of acid per plant, a proportionately large change, greater even 
than the change in malic acid which dropped from 80 m.e. to 31 me. The 
metabolism of citric acid is thus also probably involved in the processes that 
bring about reduction of nitrate, and this substance may be a third member 
of the interrelated series of organic acids concerned. ° 

That malic and citric acids are intimately related in metabolism in leaves 
is well known. For example, conversion of malic into citric acid, or at - 
least the replacement of malic by citric acid during the culture of tobacco 
leaves in darkness has been demonstrated (9). The enzymatic relationship 
of isocitric to citric acid, presumably via aconitic acid, is also well known 
in animal tissues (4, 6). Accordingly, the present observations are sug- 
gestive of mechanisms that will doubtless be clarified when the enzyme sys- 
tems present in leaves are finally understood. 

Figure 12 shows the changes in concentration of organic acids of the 
leaf ; the data, caleulated in this way, confirm the conclusions already drawn 
from the data plotted in figure 11. Changes both in quantity and in con- 
centration were essentially similar. The effect of potassium deficiency upon 
the organic acids is.shown in figures 11 and 12. Both the quantity and the 
concentration of malic acid were greatly depressed under these cireum- 
stances although the effect upon the isocitric acid was small. Potassium 
deficiency thus interfered with metabolic processes that involved malic acid 
proportionately far more than it did with isocitric acid, and the citrie acid 
was also only slightly affected. Interpretation of this observation must 
await further study. 
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Figure 13 shows the effect of composition of the culture solution on the 
organic acids of the stem tissue. Malic acid was depressed in quantity up 
to the 50% level of ammonia nutrition but was not changed further. Iso- 
citric acid, on the other hand, was not greatly changed in amount at the 
50% level, a small increase taking place. At the highest level of ammonia 
nutrition, however, isocitric acid dropped to about one-half of the amount 
present in the nitrate plants. In the stem tissue, therefore, the close rela- 
tionship between malic and isocitric acids no longer holds. Furthermore, 
in this tissue, isocitric acid is present throughout the series in larger quan- 
tities than malic acid. The actual quantities present were small (the scale 
of figure 13 is 124 times greater than that of figure 11) and thus the changes, 
although proportionately large, were actually small with respect to the 
amount of substance involved. 

Figure 14 shows the concentration changes in the stem. Malice acid 
diminished sharply at the 50% level of ammonia nutrition but then in- 
creased. Isocitrie acid increased in concentration at the 50% level, main- 
tained this at 75% and then dropped somewhat in the 100% ammonia plants. 
Citric acid dropped to less than one-half at the 50% level but then re- 
mained essentially constant. 

The behavior of organic acids in the stems of potassium-deficient plants 
is especially interesting. The quantities of all three acids were much 
smaller than would correspond to the position of plants on the seale of 
ammonia nutrition, malic and isocitric acids being particularly low. Data 
for concentration show, however, that isocitric acid falls almost exactly in 
line with data for the ammonia series although malic acid was depressed. 
Nevertheless, these changes were small in absolute amount, although they 
appear large on the scale of the figures; the irregularities in the apparent 
behavior of the organic acids in stem tissue are thus magnified. 

A comparison of results on the effect of ammonia nutrition on organic 
acids in plants with some of the data from the literature is attempted in figure 
15. The only case in which data are available for the progressive changes 
resulting from gradual alteration of the form of nitrogen in the culture 
solution is that of tobacco (16). Figures for the concentration of total 
organic acids and for malic acid in the leaves are plotted and show an effect 
that is, in most respects, exactly comparable with data in figures 10 and 12. 
Although the concentrations in the tobacco plants cultured on nitrate alone 
were much lower than were those for Bryophyllum, the drop was propor- 
tionately even greater. The tobacco leaves grown with 90% of the nitrogen 
supplied as ammonium ion contained a concentration of organic acid only 
24% of that in the nitrate plants. The corresponding figure for Bryophy!- 
lum, although at the 100% level, was 55%. Malic acid dropped to 2.7% of 
that present in the nitrate cultured tobacco plant, to 69% in Bryophyllum. 
These figures alone are sufficient to suggest that organic acids, particularly 
malice acid, in Bryophyllum leaves have functions that must fall into cate- 
gories different from their functions in the tobacco plant although, in both 
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species, there is no reason to doubt that malic acid is in some way con- 
cerned with nitrate reduction. In the present series of Bryophyllum leaf 
samples, we are dealing with the plant at a high point in its diurnal process 
of enrichment with acids. It is doubtful that this process has anything to 
do with the reduction of nitrate. Bryophyllum plants grown with am- 
monium salts as the sole source of nitrogen likewise exhibit a diurnal varia- 
tion in acidity (unpublished observations). Accordingly, whatever this 
phenomenon may mean in the general course of metabolism of the species, 
it is common to all members of the present series. Failure of the malice acid 
to decrease to the extremely low level observed in the tobacco plant grown 
with a high proportion of its nitrogen supplied as ammonium salt is doubt- 
less connected with this fact. 

Data calculated from CLARK’s study (2) of the tomato plant grown in 
nitrate or in ammonium salt culture solutions are also shown (fig. 15). 
Points at the two extremes only are available and these are arbitrarily con- 
nected with a straight line. Total organic acids and malie acid behave in 
a manner much like that of the tobacco plant, as might be expected from 
the close botanical relationship. Data from a recent study of the narcissus 
bulb (17), however, show a small increase in the concentration of total 
organic acids when the bulbs are grown with nitrogen supplied as am- 
monium salt. This case is fundamentally different; the narcissus bulb 
possesses sufficient stores of nutriment to support growth of the plant into 
the flowering stage without outside sources of nitrogen. The supply of 
either nitrate or ammonium salts in the culture solution does, indeed, pro- 
mote a more luxuriant growth, but it is not essential and there are many 
other more subtle chemical effects. Organic acids in the leaves of this spe- 
cies are normally low in concentration and malic acid, being of secondary 
importance to the group of ‘‘unknown”’ organic acids, is not the predomi- - 
nating acid. It was the group of ‘‘unknown”’ organic acids that underwent 
the most marked increase in concentration, the figures being 32.5 m.e. per 
kilo in the leaves of the bulbs grown in nitrate solution and 51.2 m.e. per 
kilo in those grown with ammonium salt. Malice acid, on the other hand, 
followed the general rule; it decreased from 20.2 m.e. to 5.5 m.e. per kilo 
of fresh weight. Thus, in this species also, malic acid responds to ammonia 
nutrition as it does in the tobacco and Bryophyllum plants. 

One further phase of the organic acid changes in Bryophyllum plants 
should be discussed. Comparison of the lower part of figure 1 with that 
of figure 10 shows that the loss of organic solids from the leaf tissues can, 
in considerable part, be accounted for in terms of the loss of organie acids. 
The figures in table V are given to permit a closer comparison of the two. 
They show the change from the nitrate plants, as the basis of comparison, 
of the organic acids (computed in grams) and the organic solids. The ratio 
of the two quantities shows that from 78% to 65% of the change in organic 
solids in leaves can be accounted for as the loss of organic acids. In the 
postassum-deficient plants, the figure is 92%. This computation is doubt- 
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TABLE V 


RELATIVE DECREASE IN ORGANIC SOLIDS AND ORGANIC ACIDS OF BRYOPHYLLUM PLANTS AS 
NITRATE NITROGEN IN THE CULTURE SOLUTION IS REPLACED BY AMMONIUM 
NITROGEN. (FIGURES ARE DIFFERENCES IN GRAMS FROM PLANTS GROWN 
IN CULTURE SOLUTIONS THAT PROVIDED ALL NITROGEN AS NITRATE) 


PERCENTAGE OF NITROGEN AS 
AMMONIUM NITROGEN PoTASSIUM- 
DEFICIENT* 
50% 75% 100% 
Leaf: 
Decrease, organic solids (grams) ....... 4.51 6.42 10.15 4.54 
Decrease, organic acids (grams) .......... 3.52 4.93 6.60 4.18 
Ratio, loss of acids to loss of solids ..... 0.78 0.77 0.65 0.92 
Stem: 
Decrease, organic solids (grams) ........ 1.16 1.17 1.73 2.54 
Decrease, organic acids (grams) .......... 0.147 0.187 | 0.339 0.340 
Ratio, loss of acids to loss of solids ..... | 0.13 0.16 0.20 0.13 


* Plants with 14% of the nitrogen in the culture solution as ammonium nitrogen and 
the balance as nitrate. 


less an oversimplification of the course of chemical events, particularly in 
the case of potassium-deficient plants where other factors than the form 
of nitrogen supplied entered into the alteration in chemical composition. 
It is clear, however, that the leaves of plants supplied with an increased 
proportion of ammonium ion in the culture solution contained successively 
less and less organic substance and that the change in organic acid com- 
position goes far to account for the change. This was not true for the 
stems; here the change in organic acid content was small both in absolute 
amount and in relation to the change in organic solids. The metabolic 
processes of the two tissues are manifestly quite different. 

Another method of expressing the change in organic acid content in rela- 
tion to the changes in other important components of the leaves is shown 
in table VI. Here, the changes in nitrogen, protein, organic solids and car- 
bohydrates are calculated as percentages of the quantity in the leaves of 


TABLE VI 


PERCENTAGE CHANGES OF COMPONENTS OF BRYOPHYLLUM LEAF TISSUE BROUGHT ABOUT BY 
ALTERATION OF THE FORM OF NITROGEN IN THE CULTURE SOLUTION, ( FIGURES ARE 
LOSSES OR GAINS COMPUTED AS PERCENTAGE OF QUANTITY OF THE GIVEN 
COMPONENTS IN LEAVES OF THE NITRATE PLANTS ) 


PERCENTAGE OF NITROGEN AS 
ORGANIC AMMONIUM NITROGEN PorTassIUM- 
FRACTIONS — DEFICIENT 
50% 75% 100% 
% 
Organie acids ...................... — 37.3 — 52.2 — 69.8 — 43.8 
Total nitrogen .................. - 9.3 -17.2 — 41.5 - 18 
Protein nitrogen ............ + 23.3 + 7.8 — 29.0 -10.5 
Organie solids 16.3 — 23.7 37.4 - 13.1 
Carbohydrates —11.5 | - 1.2 8.0 + 18.3 


— — 
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the nitrate plants and compared with the percentage change in the organic 
acids. Changes of the order of 10% may be assumed to be on the border- 
line of the limits of accuracy of analytical methods; changes substantially 
greater than this are significant. It is clear, from the first line of the table, 
that changes in the organic acids are of great relative importance; change 
in total nitrogen is fully significant at the 75% and 100% levels of ammonia 
nutrition, that of the protein at the 50% and the 100% levels, one being an 
increase, the other a loss. Change in the organic solids is probably signifi- 
cant at all three levels, but that of the carbohydrates may not be save in the 
potassium-deficient plants where an increase occurred. Organic acids are 
thus outstanding in the sensitivity of their response to the form of nitrogen 
in the culture solution. 
Carbohydrates 


Figure 16 shows changes in starch and crude fiber, the quantities per 
plant being shown in the lower part and concentration in the fresh tissue 
in the upper part of the diagram. Starch in the leaf dropped slightly at the 
50% level of ammonia nutrition and subsequently remained essentially con- 
stant. Starch in the stem was too small to represent on the scale of the 
diagram ; it ranged from 0.2 gm. in the nitrate plants to 0.1 gm. in the 50% 
and 75% ammonia plants, but was increased to 0.48 gm. in the stems of the 
100% ammonia plants. Fiber in both leaf and stem tissue followed straight 
line curves that sloped only slightly downward with increase in the propor- 
tion of ammonia. 

The curves for concentration show a slight decrease in starch in leaves 
at the 50% level followed by a moderate rise. In the stem there was no 
change except in the 100% ammonia plants, the stems of which were rela- 
tively enriched in starch. Fiber in the leaves scarcely changed, but in the 
stems there was a gradual increase. E 

Soluble carbohydrates of the leaf are shown in figure 17. It should be re- 
membered that the soluble carbohydrates are, like the organic acids in this 
species, active metabolites; nevertheless, the curves are relatively smooth. 
Soluble carbohydrates do not form a large proportion of organic solids in 
this species; the response to the change in form of nitrogen supplied to the 
plants was not particularly striking. Total soluble carbohydrates under- 
went small fluctuations in quantity in the leaves, this being apparently a 
result of a moderate, progressive increase in unfermentable carbohydrate 
together with a moderate decrease in fermentable carbohydrate. The data 
expressed on a concentration basis suggest a continuous increase in total 
carbohydrates, unfermentable carbohydrates and in the component that is 
recorded as ‘‘sedoheptose.’’' The fermentable carbohydrate, much if not 
all of which is presumably glucose, diminished slightly in concentration over 
the series. 

The behavior of the soluble carbohydrates in the stem tissue is shown in 
figure 18. The scale of the lower part of this figure is five times greater than 


1 For explanation of this component, see paper 1 of this series (8). 
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that of figure 17, so the rather smail enrichment of the stems of the 100% 
ammonia plants in total and unfermentable carbohydrates is relatively mag- 
* nified. The quantity of fermentable carbohydrate decreased but the con- 
centration remained nearly constant. . However, the concentration of unfer- 
mentable carbohydrate increased. 

It will be noted that the behavior of carbohydrates in the potassium-defi- 
cient plants is definitely out of line with that of the ammonia series of plants. 
With the exception of the fermentable carbohydrate, the leaves were rela- 
tively enriched. In the stems the unfermentable carbohydrate falls close 
to the line, but the fermentable carbohydrate and total carbohydrates were 
depressed. 


Influence of ammonia nutrition on composition 


Table VII shows estimates of the composition of the ammonia series of 
plants together with that of the potassium-deficient plants which received 
14% of their nitrogen as ammonium ion. The conventions that have been 
used in calculating the composition have been described in the previous 
paper of this series (8). 

Sums of the estimates of the composition are shown in the eleventh line 
of the table and are to be compared with the determined organic solids shown 
in the next line. Differences between the respective sets of figures, shown 
as unknown organic solids in line thirteen, furnish a measure of the quantity 
of organic material for which no account can at present be given. These 
quantities are calculated as percentages of the determined organic solids in 
the next to last line. The figures show that from one-sixth to one-third of 
the solids of leaf tissue of the ammonia series of plants consists of material 
concerning which no qualitative information is available. For the potas- 
sium-deficient plants, the unknown fraction is also about one-sixth. These 
figures are comparable in magnitude with the results of a similar survey of 
data obtained in the growth experiment with this species. 

The accounting for stem tissue in the present series is superior to that 
of plants described in the previous paper. Only from one-quarter to one- 
third of the organic solids remain unassigned in contrast to somewhat more 
than one-half. Whether or not this was a result of the different time of day 
the plants were collected remains for further study. Nevertheless, the con- 
clusion previously drawn, that much remains to be learned of the qualita- 
tive composition of this plant, remains valid. 


Summary 


It has long been known that Bryophyllum calycinum exhibits a pro- 
nounced diurnal variation in composition with respect to organic acids, the 
leaves becoming enriched, particularly in malic acid, during the night but 
undergoing marked loss of acidity during the day. Furthermore, culture 
of plants in general upon nitrate-containing solutions has been observed to 
lead to increase in the content of organic acids as compared to the effect of 
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culture upon solutions that provide nitrogen in the form of ammonium ions. 
In view of these facts, analyses have been carried out of the leaf and stem 
tissues of B. calycinum collected in the morning at a time of relatively high 
acidity, from plants cultured upon a series of solutions in which a constant 
concentration of nitrogen was furnished. Composition of the culture solu- 
tions was varied in steps in the relative proportions with which nitrate ion 
and ammonium ion were supplied. The extremes were solutions that provided 
all nitrate ion and all ammonium ion. Results are presented as curves in 
which composition is plotted against the percentage of ammonium ion in the 
culture solution. The curves show composition in terms of grams per plant 
(absolute quantity) and grams per kilo of tissue (concentration). 

In the leaves, the organic solids, water, total nitrogen, nitrate nitrogen, 
organic soluble nitrogen, total organic acids including isocitric, malice and 
citrie acid, starch, crude fiber and fermentable carbohydrate diminished in 
absolute quantity per plant with increase in the proportion of ammonium 
ion in the culture solution. Protein nitrogen, ammonia nitrogen, and gluta- 
mine increased to a maximum and then decreased. Asparagine decreased 
and then increased. Unfermentable carbohydrate increased. In the stems, 
most of the components followed a similar course except that the ammonia 
nitrogen and glutamine increased continuously. 

On a concentration basis, organic solids of the leaves, together with total 
nitrogen, starch, soluble carbohydrates, unfermentable carbohydrates and 
‘*sedoheptose’’ increased, the protein nitrogen and ammonia nitrogen in- 
creased to a maximum and then decreased, the asparagine and organic soluble 
nitrogen decreased to a minimum and then increased, while the water, nitrate 
nitrogen and total organic acids including malic, isocitric, and citric acids 
decreased. In the stems, the concentration of components followed a similar 
course except that nitrate nitrogen decreased profoundly while ammonia 
nitrogen, glutamine, and organic soluble nitrogen increased throughout. 

B. calycinum follows the general rule that organic acidity of tissue is 
diminished by culture on ammonium ion as the source of nitrogen. The 
change falls upon both malic and isocitrie acids and affects the quantity of 
each of these substances present in the leaves equally. Citric acid is affected 
to a smaller extent with respect to quantity, but the proportional change is 
even greater. 
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The use during recent years of immature cereal grasses such as oats, 
wheat, rye, and barley has received considerable attention as a protein and 
vitamin concentrate for both human and animal consumption, since grasses 
cut just previous to the jointing stage are high in protein and vitamin con- 
tent. KOHLER (10) studied the effect of the stage of growth on the com- 
position of the grasses and showed that protein, fat, chlorophyll, carotene, 
riboflavin, ascorbie acid, and thiamine attained a maximum concentration 
at, or about, the time of the jointing stage. Pantothenic acid and biotin 
were found to attain a maximum at a later period in the development of the 
plant while nicotinic acid was present in maximum concentration at an 
earlier stage. 

Considerable work has been done on the influence of nutrient deficiencies 
on the composition of plants. The published literature has dealt mainly with 
such plant constituents as proteins and carbohydrates. A great deal of 
work has been done on the factors concerned with vitamin C content of 
plants. Most of the workers agree that environmental factors, particularly 
light intensity, may greatly affect the ascorbic acid content. There is no 
general agreement, however, as to the influence of mineral nutrients on the 
ascorbic acid content of plants. Most of the investigations have been done 
on fruits or leafy vegetables, but little study has been made of the factors 
influencing the ascorbic acid content of immature cereal grasses. A num- 
ber of studies have been made on the effect of soil and nutrients on the 
riboflavin content of cereal grain, but few investigations have been concerned 
with the riboflavin content of immature cereal grasses. 

The work described in this paper was carried out to determine the effect 
of single nutrient deficiencies on the ascorbic acid and riboflavin content of 
the immature oat plant. 


Experimental procedures 
CULTURAL METHODS 


Illinois 30-2088 oats, supplied by the Illinois Agricultural Experiment 
Station, were used in the experiment. The plants were grown in one-gallon 

1 The expenses incurred in the present study were borne in part by a grant from the 
Cerophyl Laboratories, Inc., Kansas City, Missouri. 

2 Present address: Blandy Experimental Farm, University of Virginia, Boyee, Vir- 
ginia. 
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glazed earthenware crocks filled with no. 9 crushed quartz gravel previously 
washed with hydrochloric acid. There were twelve pots of plants per treat- 
ment, sixteen to twenty plants per pot. The nutrient solutions were con- 
tained in two-gallon, soft-glass bottles which had been given several coats 
of aluminum paint to prevent the growth of algae. The nutrient solution 
was automatically forced up from the bottles into the pots by means of an 
air pump blowing air into the closed system. Each bottle of solution was 
connected to two pots. The nutrient solutions were pumped into the pots 
and remained for a twenty-minute interval every six hours. 

The oats were planted on March 16, 1942 with about 20 seeds per pot 
evenly spaced and covered with one-half inch of gravel. In order to obtain 
sufficient plant material for analytical study, the plants were grown for the 
first three weeks in a complete nutrient solution. When the plants were 21 


TABLE I 


COMPOSITION OF THE NUTRIENT SOLUTIONS 


= ro} 
MILLIMOLES PER LITER OF SOLUTION 
Control 2.27 2.09 4.09 0.33 


* Tron added as Fe(NO,).-citrate. FeSo,-citrate added to all others. 

+ Ammonium salts omitted from these cultures. 
days old, the deficient solutions replaced the complete nutrient solutions. 
At this time the plants had three fully expanded leaves and a fourth leaf 
was emerging. The plants were harvested April 28, 42 days after seeding. 
The plants had an average of seven well-developed leaves and all had at 
least one joint; some had two joints. The weather was clear and sunny on 
the day of harvest and on the two preceding days. 

The complete solution of macronutrients as shown in table I was that of 
Suive and Rossins (17). The micronutrients were supplied in the form 
of the solution described by HOAGLAND and ARNon (6). Boron and manga- 
nese were present at a level of 0.5 p.p.m. Iron was supplied in the form of 
ferrous citrate prepared by dissolving 5.0 gm. of FeSO,:-7H.O and 2.5 gm. 
of citric acid in distilled water and diluting to 1 liter. Ferrous nitrate in 
place of ferrous sulfate was used for the sulfur-deficient series. The iron 
content of the nutrient solution was checked regularly by the thiocyanate 
colorimetric method given in Standard Methods of Water Analysis (21). 
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It was found necessary to add 5.0 ml. of the iron solution to each bottle 
every three or four days to keep the concentration in the range of 0.05 to 
0.08 p.p.m. 

The pH of the solutions was checked every third day and when neces- 
sary the pH was adjusted with 0.25 N sulfuric acid or NaOH to a pH of 
approximately 5.5. In the sulfur-deficient series, HCl was used for the 
pH adjustment. Ammonium sulfate was added to the nutrient solution 
to stabilize the pH of the solutions as the ions were withdrawn by the plant. 
The amount of ammonium sulfate solution was added to give a NO,/NH, 
ratio of about 80/20 to 90/10, which, according to TRELEASE and TRELEASE 
(22), should hold the solutions at a pH of about 5.1. No ammonium sulfate 
was added to the sulfur and nitrate-deficient series. 

The nutrient solutions were completely renewed every ten days during 
the first three weeks and then every seven days during the rest of the grow- 
ing period. When the change-over was made from full nutrient solution 
to the solutions lacking the specified elements, the pots were flushed several 
times with distilled water. 

Some trouble was experienced in regard to iron chlorosis. In addition to 
the iron added regularly to the nutrient solution, treatments were given on 
April 12, 17, and 25 by shutting off the regular iron solution and allowing 
the roots to stand in contact with an iron solution for six hours. The iron 
solution consisted of 25 ml. of the stock iron solution diluted with distilled 
water in the pot so that the surface of the gravel was covered. 

At harvest time, two plants per pot from each treatment were cut for the 
analysis of ascorbic acid, the plants separated into leaves and ‘‘stems,’’ com- 
posited separately from each treatment, and analyzed immediately. The 
pots were then placed in a tub of water and the gravel was carefully washed 
from the roots. The last bits of gravel were removed by hand. The tops 
were severed from the roots at the crown, the water blotted from the tissue, 
and fresh weight determined on both the tops and the roots. The tops were 
further separated into leaf blades and ‘‘stems’’ by clipping the leaves next 
to the ligule. The ‘‘stem’’ thus consisted of the true stem plus the leaf 
sheath. Dead leaves were discarded. Hereafter, the leaf blades will be 
referred to as ‘‘the leaves.’’ The weights per plant were determined by 
dividing the weight of the composited sample from the twelve pots of each 
treatment by the number of plants obtained from each treatment. Each 
sample contained the respective parts from about 175 plants. : 

The plant parts were spread out on paper and dried rapidly in an oven 
ventilated by a stream of air at 70° C. The plant material dried in four 
hours. The dry weight was determined and the tissue was ground in a 
Wiley mill to pass a 60-mesh screen. The plant material was stored in 
cardboard boxes until analyses could be made. 


ANALYTICAL METHODS 


Total nitrogen was determined by a micro-Kjeldahl method of PEpKow!ITz 
and Suive (15) using metallic selenium as the catalyst. 
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The ash components were determined on a wet-ashed sample prepared 
and analyzed as described by Nocerz (13). One gram of air-dried grass 
was placed in a flat-bottomed porcelain crucible and dried at 105° C. for 
eight hours and then reweighed to obtain the oven-dry weight. All analyti- 
eal results are reported on the basis of oven-dry weight. 

Ascorbic acid was determined by a titrimetric procedure. Reagents 
consisted of a fresh aqueous acid solution containing 2% metaphosphorie 
acid, 3% trichloracetic acid, and a dye solution. The standard dye solution 
contained 1 gm. of sodium 2,6-dichlorobenzenoneindophenol dissolved in 1 
liter of a 1% acetic acid solution of dioxane. The dioxane was freshly dis- 
tilled before use. The dye solution was standardized against 1 ml. of 
freshly prepared ascorbic acid solution, containing 0.2 mg. ascorbie acid 
(10 mgm. ascorbic acid in 50 ml. of the acid solution). To determine as- 
corbie acid, a 1-gm. sample of fresh grass was triturated with 25 ml. of the 
acid solution and several grams of pure Ottawa sand in a mortar. The 
resulting mixture was filtered through No. 202 Reeve Angel filter paper and 
1 ml. titrated with the standard dye solution. The titration was completed 
in less than one minute. 

Riboflavin was determined as described in the original microbiological 
method of SNELL and Strone (20). The riboflavin was released by auto- 
elaving with distilled water, and assayed in triplicate at three different 
levels. Thus each sample was subjected to nine determinations. Very 
little drift in the values was obtained between different riboflavin levels. 
Very good agreement of values between the various composited samples was 
obtained. The standard deviation of the values for each type of tissue was: 
leaves + 0.324, stems + 0.251, and roots + 0.225 gamma per gram. These 
statistics were calculated from the sums of squares of riboflavin values 
pooled for each type of tissue (19). : 


Results and discussion 
DESCRIPTION OF PLANTS AT TIME OF HARVEST 


The control plants grown in complete nutrient solution for the entire 
growth period were completely normal as regards outward appearance. 
The plants had an average of seven leaves. Almost all showed the first 
joint and many had a second joint. 

The potassium-deficient plants showed no noticeable symptoms. The 
plants appeared to be normal green in color with stems possibly weaker than 
those of the controls. Tillering was not affected and the roots appeared to 
be normal. 

The calcium-deficient plants exhibited striking symptoms. The young- 
est leaves were chlorotic, spindling, gelatinous, and stunted. The older 
leaves were very dark green, coarse, stiff, and erect; the color was much 
darker than that of the controls. The stems were short, thick, and stiff 
with short internodes. Most of the plants had at least one well-developed 
tiller and many small ones that did not develop. The small tillers had the 
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same appearance as the young leaves. The roots appeared to be normal 
with the exception of more numerous coarse secondary roots. 

The nitrate-deficient plants were the smallest of all the series. The 
leaves were very erect, standing up like packages of bristles, but were stunted 
in height and width; the color was a uniform pale green with no mottling. 
The first and second leaves were dead and slightly red in color; the dead 
tips of younger leaves were also red. The stems were short and spindling 
and exhibited less jointing than the controls. 

The sulfur-deficient plants showed no particular symptoms except that 
they appeared to be slightly smaller than the controls. The plants low in 
phosphate showed no particular symptoms. The leaves were dark green 
although not as dark as in the — Ca series. 


GROWTH AND MINERAL CONTENT 


The results of the mineral analyses of the various plant fractions grown 
on the deficient solutions are given in table II. The data indicate that the 
deficient solutions have produced plants whose tissues contain lowered 


TABLE II 


COMPOSITION AND DRY WEIGHT OF THE ORGANS OF OAT PLANTS GROWN ON THE MINERAL 


SOLUTIONS GIVEN IN TABLE I. VALUES CALCULATED ON AN OVEN-DRY WEIGHT BASIS 


NUTRIENT 
Dry ASCORBIC 
TREAT- K Ca Mg N P 
nies WEIGHT ACID FLAVIN 
g-/pl. mg. To y/9- % % % % % 
LEAVES 
Control 0.267 440 21.5 6.67 0.89 0.39 5.61 0.29 
-K 0.243 635 20.7 1.82 0.97 0.56 5.38 0.54 
—Ca 0.248 356 17.5 5.01 0.23 0.41 4.79 0.54 
- Mg 0.229 814 14.8 6.67 0.81 0.07 5.00 0.35 
- NO, 0.119 369 10.6 5.76 0.79 0.29 2.07 0.61 
- S80, 0.193 533 19.3 6.16 1.17 0.41 4.88 0.26 
- PO, 0.205 488 18.7 6.82 0.89 0.39 5.18 0.09 
STEMS 
Control 0.133 338 5.3 10.11 0.69 0.36 4.67 0.27 
-K 0.125 227 4.8 2.50 0.79 0.46 4.70 0.30 
-—Ca 0.169 188 4.6 6.40 0.11 0.34 4.55 0.30 
- Mg 0.128 490 4.1 8.90 0.85 0.07 4.75 0.29 
-— NO, 0.103 148 3.5 6.15 0.57 0.28 1.09 0.19 
-— 80, 0.173 214 4.9 9.75 0.89 0.39 3.92 0.23 
- PO, 0.150 224 5.0 9.95 0.76 0.39 3.89 0.11 
Roots 
Control 6.6 4.83 1.23 0.31 3.67 1.06 
-K EBS Seana 6. 4.79 1.55 0.35 3.69 0.46 
-Ca 6.8 4.50 0.32 0.37 3.82 0.83 
- Mg Rae 6.4 4.66 1.36 0.19 3.74 0.47 
- NO, ss ers 4.2 4.58 0.48 0.31 1.04 0.36 
- 80, se a 6.7 4.84 2.10 0.33 3.24 1.26 
- PO, 0.082 6.5 5.92 0.56 0.26 3.50 0.17 
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amounts of the element omitted from the nutrient solutions. Sulfur was 
not determined. Iron was determined but showed no important variations. 
All plants apparently contained adequate quantities of iron at time of 
harvest. 

Figure 1 shows that all of the nutrient deficiencies resulted in a fresh 
weight production below that of the control series. In the leaves and stems, 
deficiencies of Mg, K, PO,, SO,, and Ca depressed fresh weight production 
similarly. The — NO, series resulted in a fresh weight production less than 
one half that of the control. In the roots the —-Ca and — NO, series gave 
the greatest reduction in fresh weight production. When the total plant 
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Fic. 1. Effect of mineral deficiencies upon the growth of leaves, stems, total tops, 
and roots of immature oat plants. Fresh weight of organs per plant. 


was considered, the fresh weight production was as follows: Control > 
-Mg > -K > -SO, > PO, > —Ca > NO. 

The dry weight productions of the various series are compared in figure 
2. In the leaves, the — Ca, — K, and — Mg series gave dry weight production 
not much below that of the control. The — PO, and — SO, series produced 
somewhat less dry matter while the — NO, series produced the lowest amount 
of dry matter. In the stems, the —SO,, — Ca, and — PO, series gave a greater 
dry weight production than the control. There was not much difference in 
the production of dry matter in the roots except that the - NO;, — PO,, and 
— Ca series were slightly less than the controls. The total dry weight of the 
plants was as follows: Control > —-Ca > —SO, > -K > -Mg > -PO,> 
NOs. 
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Fig. 2. Effect of mineral deficiencies upon the growth of leaves, stems, total tops, 
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and roots of immature oat plant. Dry weight of organs per plant. 
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ASCORBIC ACID DATA 


The ascorbic acid concentration of the fresh plant tissue is shown in 


figure 3 (left). 


The — Mg and — K solutions produced plants whose leaves 
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Fig. 3. Effect of mineral deficiencies upon the ascorbic acid content of leaves, stems, 
and total tops of immature oat plants. Left: milligram percentage in fresh tissue; right: 
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contained considerably greater amounts of ascorbic acid than the control 
plants. The —S0,, —PO,, and —Ca leaves also contained slightly greater 
ascorbie acid than the control plants. The — NO, leaves contained less as- 
corbic acid than the control plants. The stems of the - Mg contained about 
double the ascorbie acid concentration of the control series. When calcu- 
lated on the basis of dry weight, (fig. 3, right) the ascorbic acid concentra- 
tion of the leaves was substantially the same as noted in the fresh tissue; 
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Fig, 4. Effect of mineral deficiencies upon the ascorbic acid content of leaves, stems, 
and total tops of immature oat plants. Milligrams ascorbie acid per plant organ; fresh 
tissue. 


ie., -Mg > —K > —SO, > — PO, > Control > —NO, > —Ca. In the 
stem tissue on a dry weight basis (fig. 3, right), however, only the —-Mg 
treatment resulted in a higher ascorbic acid concentration than the controls 
while all other treatments resulted in lower ascorbic acid concentration than 
the controls. Ascorbic acid content expressed as milligrams per fresh plant 
or plant part (fig. 4) shows the same trends as noted above except that in 
the cases of the — Ca and — NO, plants the amount of ascorbic acid per plant 
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is low owing to the marked lowering of fresh weight production with these 
treatments. 

The effect of magnesium and potassium deficiency on ascorbic acid syn- 
thesis in leaves suggested possible relationships between the concentration 
of these mineral elements in the leaves (table II) and the vitamin concen- 
tration. Simple correlation coefficients relating these factors were caleu- 
lated (19), the results of which are shown in the first column of table III. 
The correlation of ascorbic acid (mg.% dry wt.) with percentage magnesium 
and potassium was in both cases negative and very low but scatter diagrams 
showed pronounced negative trends. The suggestion was made that the 
true correlations were being masked by the competing effects of these two 
elements on ascorbic acid synthesis. Under such conditions the true corre- 
lations may be estimated by use of the method of partial correlations (11). 


TABLE III 


SIMPLE AND PARTIAL CORRELATION COEFFICIENTS RELATING ASCORBIC ACID AND RIBOFLAVIN 
CONCENTRATION OF LEAVES OF OAT PLANTS TO THE CONCENTRATION OF SEVERAL 
MINERAL ELEMENTS IN THE LEAVES 


SIMPLE CORRELATION COEFFICIENTS PARTIAL CORRELATION COEFFICIENTS 
(ZERO ORDER) (FIRST ORDER) 

FunctTiont COEFFICIENT FuNcTIONt COEFFICIENTS 
Tam — 0.439 Tam-K — 0.653 
Tak 0.0975 rak-™M — 0.547 
TrRn + 0.890** TrN + 0.780 
Tru + 0.604 Tru *N 0.485 


* Significant at the 5% level. 

** Significant at the 1% level. 

+t Symbols of functions are: A=ascorbie acid; K = potassium; M = magnesium; R= 
riboflavin; N=nitrogen. For partials, Ray. represents the partial correlation coeffi- 
cient relating A to M when K is held constant, ete. 


This type of analysis enables one to determine the correlations between two 
variables, independently of the variation caused by the other factor or fac- 
tors under consideration. In the second column of table III are recorded the 
coefficients of partial correlation. Neither partial is significant at odds of 
19:1 (5% level), but the increase in the partial correlation coefficient over 
the simple coefficient is large in both cases and is in the expected direction. 
In view of the above differences in correlation coefficients and the large 
stimulation in ascorbic acid synthesis in the plants grown on the — K and 
— Mg solutions, the influence of potassium and magnesium is probably real 
and should be further investigated. It appears that low concentrations of 
K and Mg in the leaves stimulate ascorbic acid synthesis while high concen- 
trations retard synthesis. The reverse conclusion, that the presence of high 
concentrations of K and Mg cause more rapid destruction of ascorbic acid, 
must also be considered but does not appear to be the most likely explanation. 


| 
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We should point out that in calculation of correlation coefficients in this 
paper only seven values were available ; i.e., the seven pooled samples from 
each nutrient treatment. The authors realize that when coefficients of cor- 
relation or partial correlation are based on a small number of observations 
one point in error may cause the coefficient to be higher or lower than the 
true value. An additional fact which lends added significance to the re- 
ported values is that each was obtained from a fairly large, representative 
composited sample. Each sample used for ascorbic acid analysis was com- 
posed of the leaves anc stems of 24 plants while all other analyses were made 
on samples composed of parts of about 175 plants. These samples therefore 
represent a fairly accurate mean for each treatment. 

There is no unanimity among workers as to the influence of fertilizer 
treatments on the ascorbic acid content of plants. MAYNARD and BEESON 
(12) reviewed the literature pertinent to ascorbic acid and soil fertility and 
said: ‘‘It seems justifiable to conclude that the accumulation of ascorbic 
acid in plants is a characteristic of species and variety and that this genetic 
influence may overwhelm any differences due to climate, soil, or fertilization. 
Of climatic factors, light seems to have the preponderating influence. The 
effect of fertilizers is relatively small and varies with the species of plant. 
It seems that, provided the plant will develop upon the nourishment sup- 
plied to it, the ascorbic acid content is not much altered.’’ 

In the present investigation the -K and — Mg treatments gave large 
increases in the ascorbic acid concentration of oat leaves. BERNSTEIN, 
HAMNER, and Parks (2) noted that turnip greens grown in sand cultures 
deficient in sulfate, nitrate, or potassium contained significantly lower as- 
corbie acid values than the other treatments. With phosphorus and mag- 
nesium deficiencies there was little effect on the ascorbic acid content of the 
turnip greens. REDER, ASCHAM, and Exeart (16) found that potassium 
fertilization produced a decrease in ascorbie acid content of field-grown 
turnip greens. SIDERIs and YouNe (18) grew pineapple plants in low-K 
cultures and found that the ascorbic acid content depended on the form of 
nitrogen present. If nitrate nitrogen was present, the low-K series gave 
high aseorbie acid values; if ammonium nitrogen was present the low-K 
series gave smaller ascorbic acid values. BALKs and PoMMeErR (1) observed 
that a K and Mg deficiency generally caused increases in ascorbic acid over 
that of the control. IJspo (8) found that with spinach a deficiency of po- 
tassium resulted in an ascorbic acid content above that of the control, pro- 
vided the nitrogen supply was adequate. FERREs and Brown (4) have 
recently studied the relationship between yield, ascorbic acid, and mineral 
fertilization in several legumes and leafy vegetables. Using soils known to 
be deficient in one or more of the elements K, Cu, Zn, Mn, B, and Mo, addi- 
tion of zine alone produced significant increases in ascorbic acid concentra- 
tion. They also found that ‘‘. . . increases in ascorbic acid concentration 
due to application of zine were in all cases associated with an early growth 
stage.’’ 
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‘WITTWER, SCHROEDER, and ALBRECHT (23) pointed out that a consider- 
able body of experimental evidence indicated that there was an inverse 
relationship between the nitrogen application and ascorbie acid content. 
Their own work showed that by increasing the application of nitrogen fer- 
tilizer the yield of dry matter of Swiss chard and spinach was increased 
while the concentration of ascorbic acid decreased. Ispo (8) concluded 
that a nitrogen deficiency affected the ascorbic acid content of grass only to 
a small extent even though the nitrogen content of the tissue was very low. 
Iseur and FEeuiers (9) found that a high level of nitrogen supply gave a 
high ascorbic acid content. In the present investigation the —NO, series 
gave a lower ascorbic acid concentration than did the control series. 

Many workers have pointed out that there appears to be a relationship 
between ascorbic acid and chlorophyll content of plant tissue, but it is inter- 
esting to note that, of the two treatments which were highest in ascorbic 
acid, -Mg and —K, the former was strongly chlorotic while the latter 
appeared normal in color. 


RIBOFLAVIN DATA 


The riboflavin concentration of the plant tissue is shown in figure 5. All 
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Fig. 5. Effect of mineral deficiencies on the riboflavin content of leaves, stem, total 
tops, and roots of immature oat plants. Gamma per gram dry weight. 
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treatments decreased the riboflavin concentration of the leaf tissue, as com- 
pared with the control, in the following order: Control > —K > -SO, > 
-PO, > —Ca > -Mg > —NO,. In the stem tissue all deficient solutions 
resulted in a lower riboflavin concentration than the control. As in the leaf 
tissue, the —- Ca, - Mg, — NO, series gave the lowest riboflavin concentration 
in the stems. The — NO, series alone resulted in a significantly lower ribo- 
flavin concentration in the roots than did the control. 

In figure 6 the riboflavin content of the plants is expressed on a per plant 
or plant part basis. In the leaves the trends are the same as was observed 
in figure 5 but the differences are exaggerated. This is because those treat- 
ments which resulted in a lowered riboflavin concentration also resulted in 
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Fie. 6. Effect of mineral deficiencies on the riboflavin content of leaves, stem, total 
tops, and roots of immature oat plants. Gamma per plant organ; dry weight basis. 


lowered dry weight production. The correlation coefficients (11, 19) relat- 
ing the growth of the leaves (dry weight per plant) with riboflavin concen- 
tration in gamma per gram for the various treatments is + 0.743 and for the 
growth of stems the correlation with riboflavin is + 0.771. These coefficients 
are significant at the 5% level (required, r = 0.754) but the correlation of 
growth of roots with riboflavin (+ 0.593) is not significant. Calculations 
were based on the seven composited samples of each type of tissue. This 
direct relationship between growth of leaf and stem and riboflavin coneen- 
tration may indicate a direct dependence of growth of plant tissue upon 
synthesis of adequate amounts of riboflavin. Such a relationship has not 
been previously noted for green plants but has been known for many years 
in animal nutrition. In fact, the basis of the rat assay method for riboflavin 
is the direct relationship between the growth of rats and their riboflavin 
intake. However, in the case of green plants where riboflavin is synthe- 
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sized, and especially in the plants used in the present experiment where the 
whole metabolic balance is upset by the mineral deficiencies, the relationship 
may be much more complex than in animals. In the plants described in 
this paper no important differences in morphological development were 
observed. 

The conditions affecting the riboflavin content of plants has not been 
extensively studied. The majority of the investigations have been done on 
cereals but have been concerned with a mature grain or products of the 
grain such as flour. MAyNarp and BEEson (12) reviewed the work regard- 
ing the effect of fertilizers on the riboflavin content of plants. The various 
studies did not show any marked differences in the riboflavin content due 
to environmental factors. Fertilizer experiments performed by HouLmMgs 
and Crowtey (7) with lettuce showed complete lack of correlation of ribo- 
flavin content with the Ca, P, Mg, or Fe contents of the fresh leaves. A 
deficiency of boron and manganese in tomatoes and beets was shown by 
Gum, Brown, and Burrett (5) to result in consistently lower riboflavin 
content of all parts analyzed as compared with controls. The present study 
reveals that the riboflavin concentration of the immature oat leaves and 
stems is dependent upon an adequate nitrogen supply. All of the deficient 
treatments gave lower riboflavin concentrations than the control but the 
— NO, treatment gave the lowest value. With the exception of — NOs, the 
‘roots did not seem to be adversely affected by any nutrient deficiency. 

To bring out more clearly the role of nitrogen and magnesium in the 
synthesis of riboflavin, correlation coefficients were calculated to test the 
relationship between the riboflavin concentration and the per cent nitrogen 
and magnesium in the leaves. The results are given in table III. The 
highly significant positive value of the simple correlation coefficient indicates 
that the amount of riboflavin formed in the leaves appears to be directly de- 
pendent on the amount of nitrogen absorbed. The importance of this rela- 
tionship to protein synthesis will be discussed in a forthcoming publication 
(14). The magnesium concentration of the leaves was positively correlated 
with riboflavin but was not significant at the 5% level. Caleulation of par- 
tial correlation coefficients showed that there was probably no mutual influ- 
ence of nitrogen and magnesium on riboflavin synthesis since in both cases 
the partial coefficient was lower than the simple coefficient. The low ribo- 
flavin concentration found in the plants grown on the magnesium-deficient 
solution was apparently a result of a low supply of nitrogen since correlation 
analysis showed that magnesium and nitrogen concentrations in the leaves 
varied together. 

The role of riboflavin as the prosthetic group for several enzymes con- 
cerned with cell respiration and other related processes (yellow enzymes, 
d-amino and l-amino acid oxidases, ete.) would suggest that for normal 
metabolic activity this substance must be present in the cells in optimum 
quantities. For this reason the close relationship observed between growth 
of the leaves and stems and their riboflavin concentration is not surprising. 
One would suspect that the effect of mineral deficiencies might cause a cur- 
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tailment of the synthesis of riboflavin (and other necessary enzymes and 
hormones) which would in turn retard growth. 

The leaf blade of the immature plant is generally considered to be the 
center of greatest metabolic activity and it is probable that the high concen- 
tration of riboflavin in the leaves (fig. 5) reflects the higher metabolic activ- 
ity of these organs as compared with the ‘‘stem’’ and roots. Reference to 
figure 6 shows that of the total amount of riboflavin in the normal plant 
(control series), the leaves contained 4.3 times as much as the rest of the 
plant or 9 times as much as the ‘‘stems’’ (leaf sheath plus true stem) or 
roots alone. With the plants grown in the deficient cultures, the ratio of 
riboflavin in the leaves to the rest of the plant is reduced and reaches a low 
of 1.9: 1 in the nitrate-deficient plants. The roots of the oat plant probably 
synthesize their own riboflavin (3). If the roots were dependent upon the 
leaves for their entire supply of riboflavin, one would expect a lower concen- 
tration of riboflavin in the roots of the deficient plants than was encountered. 

It should be emphasized that the results reported in this paper are from 
a single experiment during one part of the growing season and are explora- 
tory in nature. It has been pointed out that climatic conditions are very 
important in influencing the ascorbic acid concentration of plants, but this 
particular aspect of the problem was not included in the present study. 


Summary 


1. Oats were grown in gravel culture in a complete nutrient solution for 
a period of three weeks. The plants were then switched to solutions deficient 
in single nutrients. The plants were harvested three weeks later during 
the early stages of the jointing process. 

2. Ascorbic acid was determined at the time of harvest. Riboflavin, - 
ealcium, magnesium, iron, phosphorus, potassium, and nitrogen were de- 
termined on oven-dry samples of tissue. Fresh weight and dry weight were 
also taken on the leaves, stems, and roots. 

3. Mineral analysis showed that the deficient solutions had produced 
plants whose tissue was low in the nutrient omitted when compared with a 
control plant grown in a complete nutrient solution. 

4. The leaves of the plants grown in the Mg- and K-deficient solutions 
contained a considerably higher concentration of ascorbic acid than the 
control plants. The stems of the Mg-deficient plants contained a higher 
concentration of ascorbic acid than the control plants. The evidence for 
stimulation of ascorbic acid synthesis in leaves low in potassium or mag- 
nesium was strengthened by the use of correlation analysis. 

5. All mineral deficiency treatments used caused lower riboflavin con- 
centration in the leaves and stems of the plants grown on them than did the 
complete nutrient solution. In the leaves, where the bulk of the riboflavin 
of the plant is located, the mineral deficiencies influenced riboflavin concen- 
tration to the greatest extent. The nitrate-deficient solution produced the 
lowest riboflavin concentration in leaf, stem, and roots. The influence of 
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nitrogen on riboflavin synthesis was also demonstrated by finding a high 
positive correlation between nitrogen and riboflavin concentrations in the 
leaves. The apparent influence of magnesium on riboflavin synthesis ap- 
pears actually to be a nitrogen effect since leaves low in magnesium were 
also low in nitrogen. 

6. Growth of leaves and stems in terms of dry substance was significantly 
correlated with the riboflavin concentration. Possible significance of this 
relationship is discussed. 
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Coincident with the rapid advances being made in soil science, an in- 
creasing interest has been shown in the soil mechanisms as they control plant 
nutrition, growth, and crop production. One of the most influential factors 
involved is that of the interaction of nutrients. The equilibrium among ions 
in the soil and the culture solution has lately been designated as ‘‘nutrient- 
element balance.’’ Emphasis has been placed on the interrelations of essen- 
tial plant nutrients, on ‘‘antagonisms’’ between specific cations, and on the 
possible application of such relationships to fertilizer practices in the field. 

In the nineteenth century Wourr (37) noticed that with barley the great- 
est growth occurred in ‘‘complete’’ nutrient cultures. Excess potassium de- 
pressed yields. It was observed, however, that the depression in growth 
could be overcome by the addition of another nutrient. He noted also that 
sodium amendments offset the effects of excess potash. Lagatu and MaumME 
(16) recorded a decrease in the yield of grapes when potassium was omitted 
from an otherwise balanced fertilizer application. THomas (25, 26, 27) 
substantiated the work of Lagatu and Maus, and his data further empha- 
sized the importance of proper balance in fertilizer applications with refer- 
ence to absorption. 

Associated with nutrient balance are the frequently demonstrated 
cationic antagonisms. Hoaguanp (12), LuNpEGARDH (18), and RicHarps 
(22) summarized the interactions existing in the absorption of potassium, 
calcium, magnesium, and sodium. Possible ways in which one element in 
nutrition may substitute for another are outlined by Cooper (6). A de- 
crease in plant growth and an accentuation of mineral element deficiency 
symptoms by unbalanced soil cations have also been demonstrated by many 
investigators (7, 8, 17, 21, 28). The concept that a lack of balance may be 
more harmful to plant growth than a deficiency of two or more nutrients has 
been suggested. The reports of DAvipson and BuAke (9), and of Wavaex, 
CULLINAN, and Scorr (31), and recently those of Brown (4) on nutrient 
balance in the peach bear this out. PHuips, SmirH, and Hepier (20) 
reached a similar conclusion with the tomato plant. 

During the past six years at the Missouri Agricultural Experiment Sta- 
tion, the importance of nutrient balance in obtaining maximum response to 
fertilizer treatment has been repeatedly observed in nutritional studies with 
vegetables. This report deals with the yields of some vegetable crops as in- 
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fluenced by the balance of calcium, nitrogen, and phosphorus when the plants 
were grown in cultures of beidellite clay. This is a naturally oceurring clay 
of which most of its readily available nutrient ions have been removed by 
leaching and H adsorption during continuous weathering. 


Methods 


Spinach, Swiss chard, lettuce, tampala, and tomato plants were grown 
under controlled greenhouse conditions in glazed gallon crocks using col- 
loidal clay cultures (3) for nutrient media. Variable fertility levels were 
achieved by titrating the exchangeable ions, in the desired amounts and 
ratios, onto the original acid clay subsoil or B-horizon of Putnam silt loam, 
which has an exchange capacity of 28 milliequivalents per 100 grams, 12 of 
which are hydrogen. Of the remaining 16 milliequivalents of adsorbed 
nutrients, 12 are calcium and the remaining 4 are composed of smaller 
quantities of potassium and minor nutrient elements. Although these 
nutrient cations occupy a considerable portion of the total exchange capacity 
of the native subsoil, numerous biological tests have demonstrated its contri- 
bution of nitrogen and phosphorus to be nil, while practically none of the 
calcium and potassium is available for plant growth. Various nutrients, 
held on the clay in exchangeable form, may be provided for plants in any 
desired ratios and quantities simply by replacing the hydrogen on the clay 
with selected cations and by using the proper amount of prepared clay in 
the nutrient substrate. The pH values of the resulting media approximated 
6.5. Stability of the clay and its naturally high content of replaceable 
hydrogen make its use, by simple additions of cations as exchanges for its 
hydrogen, very convenient for balanced nutrient studies. 

The usual procedure followed in setting up the colloidal clay cultures _ 
was the preparation of a series of clay aliquots to which were added 5, 10, 
20, and 40 milliequivalents of nitrogen in the form of ammonium nitrate. 
To each of these levels of nitrogen there was added calcium, as calcium 
acetate, in variable amounts to provide 0, 5, 10, 20, and 40 m.e. of calcium. 
This provided, then, twenty soil treatments giving four levels of nitrogen, 
each of which had combined with it five variable amounts of calcium as 
additions to the supply native in the initial clay. To each of these individual 
treatments were added other nutrients in constant quantities. The addi- 
tions consisted of 20 m.e. each of potassium and phosphorus and 6 m.e. each 
of magnesium and sulphate (table I). Growth responses indicated that 
sufficient quantities of all trace elements are supplied by the native clay 
subsoil employed as an adsorptive media, the absolute amounts varying, of 
course, directly with the quantity of clay used. Effects of the variable 
quantities of colloid in the several treatments, since they might influence 
diversely the physical properties of the growing media, were reduced to 
a minimum by blending the clay with large quantities of pure sand or other 
chemically inert material. Single treatments were replicated at least three 
times, but usually ten times. Variations in plant growth within individual 
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treatments were extremely small, resulting from the degree of control exer- 
cised upon the chemical as well as the physical properties of the substrate. 

In the more extensive studies involving variable levels of nitrogen, eal- 
cium, and phosphorus, aliquots of clay with ammonium nitrate and calicum 
acetate added in quantities to secure the desired ratios were prepared. 
Variable phosphorus levels were achieved without altering other nutrient 
levels, simply by adjusting the quantities of monobasic and dibasic potas- 
sium phosphates. Additional potassium, when needed, was supplied as the 
acetate. Control of nutrient levels was thus achieved with all nutrients 
other than nitrogen, calcium, and phosphorus constant for all treatments 


TABLE I 


NUTRIENTS ADDED TO CLAY TO PROVIDE VARIABLE LEVELS OF CALCIUM AND NITROGEN 


MILLIEQUIVALENTS PER PLANT 
TREATMENT 
Ca N P K Mg 

me. me. m.e. m.e. m.e. m.e. gm. 

1 40 40 20 20 6 6 717 
2 40 20 20 20 6 6 633 
3 40 10 20 20 6 6 592 
+ 40 5 20 20 6 6 571 
5 20 40 20 20 6 6 550 
6 20 20 20 20 6 6 467 
7 20 10 20 20 6 6 425 
8 20 5 20 20 6 6 404 
9 10 40 20 20 6 6 467 
10 10 20 20 20 6 6 383 
11 10 10 20 20 6 6 342 
12 10 5 20 20 6 6 321 
13 5 40 20 20 6 6 425 
14 5 20 20 20 6 6 342 
15 5 10 20 20 6 6 300 
16 5 5 20 20 6 6 279 
17 0 40 20 20 6 6 383 
18 0 20 20 20 6 6 300 
19 0 10 20 20 6 6 258 
20 0 5 20 20 6 6 238 


(table II). The amount of subsoil clay required to provide the exact 
exchange capacity for the added nutrients in each treatment was determined 
beforehand in terms of the known qualities of the clay. Putnam subsoil 
material was then mixed under moisture with the particular nutrients and 
homogeneously blended with either pure white quartz sand or ‘‘Zonolite.’” 
Plants grown in the resulting mixtures were harvested and yields expressed 
in terms of fresh weights of the tops. 


Results 


The yields, expressed as fresh weights of spinach (Bloomsdale Long 
Standing), Swiss chard (Lucullus), and head lettuce (Iceberg), grown at 
variable levels of calcium and nitrogen with all other nutrient constant in 


2A type of vermiculite widely used as an insulating material. 
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all treatments, are given (table III). It is noteworthy that the lowest 
production occurred in spinach and chard when the highest level of calcium 
(40 m.e.) was combined with the lowest nitrogen level (5 m.e.) in treat- 
ment 4. This reduction in growth was much greater than with a deficiency 
of both elements, as in treatment 16 or 20. With the highest amount of 
calcium (40 m.e.) the successive increases of applied nitrogen gave a general 
increase in the yield with all crops. At the reduced calcium levels of 10 
and 20 m.e. and especially at the 0 and 5 m.e. levels increases in the nitrogen 
from 5 to 10 m.e. and from 10 to 20 m.e. also gave a significant rise in yield, 
but a further increase to 40 m.e. of nitrogen cut production rather sharply 


TABLE III 


YIELDS OF SPINACH, SWISS CHARD, AND LETTUCE ACCORDING TO VARIABLE 
LEVELS OF CALCIUM AND NITROGEN 


VARIABLES FRESH WEIGHTS* 
TREATMENT 
Ca N SPINACH SWISS CHARD LETTUCE 

m.e. gm. gm. gm, 

1 40 40 234.4 634.6 580.0 
2 40 20 170.8 487.3 393.0 
3 40 10 85.0 391.6 171.0 
4 40 5 36.5 32.0 239.0 
5 20 40 320.5 486.4 431.0 
6 20 20 220.1 693.5 489.0 
7 20 10 108.5 333.8 240.0 
8 20 5 65.4 212.7 155.5 
9 10 40 179.1 233.3 529.0 
10 10 20 229.0 243.4 485.0 
11 10 10 138.5 215.2 220.0 
12 10 5 114.9 171.5 161.0 
13 5 40 128.6 179.8 158.0 
14 5 20 205.1 133.8 400.0 
15 5 10 153.1 116.6 258.0 
16 5 5 60.1 104.6 181.0 
17 0 40 67.8 cnn 67.0 
18 0 20 197.3 icin 260.0 
19 0 10 99.9 Serle 155.0 
20 0 5 76.7 tas 60.0 


* Grams per ten plants. 


in all three crops. Yields were a direct function of the total nutrient supply 
only when the variables were properly balanced. They point out that a 
high calcium level must be accompanied by adequate amounts of nitrogen, 
and a high nitrogen level by sufficient amounts of caleium. Results obtained 
by growing spinach and Swiss chard at levels of 5, 15, and 45 m.e. each of 
nitrogen, caleium, and phosphorus in all 27 combinations are summarized 
(table IV). Potassium was held constant at 20 m.e. and magnesium and 
sulphate at 5 m.e. for each treatment. 

Although responses to nitrogen and phosphorus were outstanding, cal- 
cium exerted appreciable influence. Considering calcium, the largest growth 
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oceurred at the moderate (15 m.e.) level of calcium combined with the high- 
est of nitrogen (treatments 4-6 inclusive). At a low nitrogen level for both 
erops (treatments 19-27) and at a medium level of nitrogen for Swiss chard 
(treatments 10-18) an improvement in growth was obtained when the cal- 
cium was reduced to its lowest figure. A rather marked reduction in the 
yield of both vegetables was noted as the calcium was increased in combina- 
tion with the lowest nitrogen level. 


TABLE IV 


YIELDS OF SPINACH AND SWISS CHARD ACCORDING TO VARIABLE LEVELS OF 
NITROGEN, CALCIUM, AND PHOSPHORUS 


VARIABLES FRESH WEIGHT* 
TREATMENT 
N Ca P SPINACH SwWIss CHARD 
m.é, m.e, gm, gm, 
1 45 45 45 168.8 227.7 
2 45 45 15 197.6 202.6 
3 45 45 5 45.5 93.5 
4 45 15 45 213.7 232.0 
5 45 15 15 176.0 181.0 
6 45 15 5 53.8 114.3 
7 45 5 45 145.5 206.3 
8 45 5 15 171.5 178.7 
9 45 5 5 68.3 88.2 
10 15 45 45 101.5 67.8 
11 15 45 15 82.7 53.4 
12 15 45 5 70.1 41.5 
13 15° 15 45 129.6 68.2 
14 15 15 15 102.2 69.1 
15 15 15 5 87.8 53.0 
16 15 5 45 104.7 112.0 
17 15 5 15 103.1 92.3 
18 15 5 5 78.5 65.3 
19 5 45 45 28.2 20.1 
20 5 45 15 18.7 12.8 
21 5 45 5 14.7 9.6 
22 5 15 45 43.5 24.5 
23 5 15 15 24.4 18.0 
24 5 15 5 19.5 20.0 
25 5 5 45 35.0 35.2 
26 5 5 15 28.6 21.6 
27 5 5 5 25.4 15.2 


* Grams per five plants. 


Increments of phosphorus applied to cultures low in nitrogen (5 and 15 
m.e.) failed to give the yield increases possible at high nitrogen (45 m.e.). 
Conversely, the response to increasing nitrogen was largely governed by 
the phosphorus supply. When additional calcium was supplied to cultures 
low in phosphorus, the deficiency of phosphorus was accentuated (compare 
treatments 12, 15, 18 and 21, 24, 27). The best nutrient-element balance 
for yield increase was attained in treatment 4, with 45 m.e. as the level of 
nitrogen and phosphorus and with 15 m.e. as that for calcium. The lack 
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45 


Fig. 1. Tomato plants at variable levels of nitrogen, calcium, and phosphorus. 
(Numbers indicate m.e. of respective nutrients applied per plant.) 


of balance with reference to plant growth was most evident in treatment 21 
where 45 m.e. of calcium were combined with 5 m.e. each of nitrogen and 
phosphorus. 

Responses by the tomato plant (variety Marglobe) to combinations of 
three variable levels of nitrogen, calcium, and phosphorus are portrayed 
(fig. 1). Yields expressed as fresh weights of vegetation are given (table 
V). The plants were grown at 5, 15, and 45 m-.e. each of nitrogen, calcium, 
and phophorus in 27 different combinations. It is evident that a lack of 
balance among the nutrients was more detrimental than a deficiency in all. 


TABLE V 


YIELDS OF TOMATO PLANTS ACCORDING TO VARIABLE LEVELS OF NITROGEN, CALCIUM, AND 
PHOSPHORUS* 


NITROGEN 5 M.E. NITROGEN 15 M.E. NITROGEN 45 M.E. 
PHOs- 
PHORUS CALCIUM, M.E. CALCIUM, M.E. CALCIUM, M.E. 

5 15 45 5 15 45 5 15 45 
m.eé. gm. gm. gm. gm, gm. gm. gm. gm. gm. 
45 68.6 76.8 57.6 166.0 153.6 169.4 442.0 567.6 516.2 
15 60.4 61.0 158.0 202.8 214.8 200.4 345.2 477.6 377.4 

5 60.8 48.8 55.4 160.4 119.6 41.2 29.0 25.4 21.2 


* Grams per three plants. 
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The data indicate that phosphorus deficiency in the plants at the 5 m-.e. level 
of this nutrient was greatly accentuated by high calcium and high nitrogen. 
With the low level of phosphorus, an increase in the nitrogen from 15 to 45 
m.e. depressed the yields. Similarly, at 5 m.e. of phosphorus (and constant 
osmotic pressure) the increases of calcium gave decreasing yields. 

The phosphorus response in tomato nutrition (fig. 1), was dependent 
almost entirely upon the soil nitrogen supply. By contrast, addition of 
nitrogen to the soil decreased or increased yields depending on the amount 
of phosphorus present. With respect to increasing amounts of calcium 
applied at a high nitrogen and a high or medium phosphorus level, the effects 
were first an increase and then, with further additions of calcium, a decrease 
in production. At low phosphorus and high nitrogen levels, the calcium 
additions progressively diminished yields. In the tomato as with other 


q 


Fie. 2. reeniiah plants at variable levels of nitrogen, calcium, and phosphorus. 
(Numbers indicate m.e. of respective nutrients applied per plant.) 


PHOSPHOR 


erops, growth was determined not so much by the total quantities of nutri- 
ents added as by the balance relations existing among the elements. 
Tampala (Amaranthus gangeticus) was grown at nutrient levels of 15, 
45, and 90 m.e., each of nitrogen, calcium, and phosphorus in all possible 
combinations. The nutrient salt additions and clay aliquots were set up 
in accordance with the scheme as outlined (table II). The resulting plant 
growth and yields of the crop are presented (fig. 2 and table VI). The 
influence on the yields by a proper balance among the nutrients was again 
clearly demonstrated. Phosphorus additions either increased, had little 
effect on, or decreased the growth, depending on the nitrogen and caleium 
levels. At 15 m.e. of nitrogen, increased phosphorus depressed the yields 
at all three calcium levels; at 45 m.e. of nitrogen there was little influence, 
whereas at 90 m.e. of nitrogen, a very significant yield increase was noted. 
When only 15 m.e. of nitrogen were provided, the addition of caleium accen- 
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TABLE VI 


YIELDS OF TAMPALA PLANTS ACCORDING TO VARIABLE LEVELS OF NITROGEN, CALCIUM, 
AND PHOSPHORUS* 


NITROGEN 15 M.E. NITROGEN 45 M.E. NITROGEN 90 M.E. 
PHos- 
preavs CALCIUM, M.E. CALCIUM, M.E. CALCIUM, M.E. 
15 45 90 15 45 90 15 45 90 
m.e. gm, gm. gm. gm. gm. gm. gm, gm. gm. 
90 55.1 52.9 42.1 227.0 230.3 219.9 332.5 372.3 362.9 
45 63.8 57.1 52.6 194.7 273.4 265.2 316.7 319.8 333.2 
15 87.7 69.5 62.1 184.6 206.9 169.5 186.8 161.7 90.4 


* Grams per five plants. 


tuated nitrogen deficiencies at all three phosphorus levels. Plants grown 
with 90 m.e. of nitrogen and 15 m.e. of phosphorus gave noticeably reduced 
yields, especially when this lack of balance was aggravated by calcium 
additions. 


Discussion 


In the experiments on nutrient-element balance for growing plants by 
the sand and/or solution culture method reported to date, it was impossible 
to control total concentrations of solutions (4) and hence their osmotic pres- 
sures as the ions were varied. On the other hand, if the concentrations were 
held constant (28), then an increase or decrease in one nutrient ion required 
that other ions be varied (11, 24). Exact interpretation of results in terms 
of a single ion is extremely difficult with sand and solution cultures. 

As an approach to the accurate study of nutrient balance, the clay tech- 
nique of plant growing is admirably adapted. The advantages of this 
method, and of using other ion adsorptive materials, for refined control of 
nutritional experiments with vegetables have previously been outlined 
(1, 2, 3, 5, 14). Not only do ion adsorptive materials permit the addition 
of each major cation separately as a carbonate, hydroxide, or acetate without 
changing other ionic concentrations, but clay holds also the anion of phos- 
phorus in an adsorbed form (13). Studies conducted by GraHam and 
ALBRECHT (10) have shown that the nitrate anion may be adsorbed by cer- 
tain synthetic resins. The adsorbed nitrate was available to plants as read- 
ily as were adsorbed cations. Corn plants grew equally well when nitrogen 
was added in the adsorbed form as in solution. JENNy (15) demonstrated 
by growing lettuce that adsorbed nitrates were superior to soluble nitrates 
in amounts above 20 m.e. per plant. The possibility of combining cation 
and anion adsorptive materials should not be overlooked in plant nutritional 
studies. 

Physical structures of the clay cultures have not gone without considera- 
tion. Variations in nutrient levels and colloid content must have a mini- 
mum effect on the physical properties of the soil. When combined with 
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large quantities of leached white sand, the clay adheres to the surface of 
sand particles making up only a small fraction of the total body. Thus the 
physical properties of the media are not greatly affected. Even a more 
ideal culture mixture with reference to physical structure can be had by 
blending clay with ‘‘Zonolite.’’ This heat-treated mineral silicate is readily 
available in several forms as a common insulating material, has a high water- 
holding capacity, and is practically inert chemically. Its use in combina- 
tion with clay in nutrient cultures of restricted volume facilitates the addi- 
tion of large quantities of clay loaded with nutrient ions. At the same time, 
a physical soil structure is created which is easily penetrable throughout by 
plant roots, has a high water-holding capacity, and is sufficiently porous for 
adequate aeration. 

Nutrient balance only as it affects yields of some vegetable crops has 
been emphasized in this report. A few variable levels and combinations of 
levels of nitrogen, calcium, and phosphorus have thus far been utilized in 
the approach to fertility balance in nutrition of vegetable crops. These 
are the nutrient elements most commonly deficient in Missouri soils. An 
influence of the balance of nitrogen and calcium on the vitamin, mineral, 
and oxalate contents has been shown (32, 33, 34). Some of the possibilities 
of disease (19, 23, 29, 30, 36) and insect (35) control through balanced soil 
fertility have been demonstrated. The approach offered by the colloidal 
clay technique of growing plants, provides a means of studying nutrient 
balance relations in their many ramifications, heretofore not fully appre- 
ciated by students of plant nutrition. 


Summary 

1. The influence of nutrient-element balance on the growth and produe- 
tion of vegetation in spinach, Swiss chard, lettuce, tampala, and tomato was 
studied by means of growing the plants in cultures prepared by blending 
colloidal clay with sand or chemically inert ‘‘Zonolite.’’ Variable levels of 
nitrogen, calcium, and phosphorus were supplied. 

2. Growth responses by the plants were found to be dependent on rela- 
tive proportion as well as absolute amounts of variable nutrient elements 
present in the substrate. Yields were increased, not affected, or depressed 
by a particular ion, depending on the levels at which the other ions were 
present in the media. A lack of balance was demonstrated to be more detri- 
mental to plant growth than a deficiency of all the variable nutrients. 

3. Advantages of colloidal clay cultures as a means of approach to the 
study of nutrient-element balance are outlined. Maximum flexibility of 
variables is possible without concomitant alterations in osmotic pressures or 
physical properties of the media. 


Grateful acknowledgment is given to Mr. H. R. Gorr for providing some 
of the data presented for tampala. 
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Introduction 


In a series of studies (16, 18, 20) on the organic acids of citrus fruits, the 
authors have pointed out that large amounts of organic acids exist in the 
juice of the pulp, as compared with exceptionally low concentrations in the 
peel. The vascular system of the fruit is confined chiefly to the mesocarp 
(albedo), and the latter thus serves the important function of transporting 
water and solutes from the tree to the juice vesicles of the pulp. Since these 
vesicles contain relatively large amounts of organic acids, it would appear 
that higher concentrations than are present should occur in the mesoecarp, 
that is, if the total organic acid radical is transferred from leaves to vesicles. 
This situation led to the postulation that the organic acids of the juice are 
possibly synthesized in the pulp vesicles rather than in the leaves and subse- 
quently transferred to the pulp. Quantitative determination and identi- 
fication of the organic acids presént in the leaves should provide fundamental 
data necessary for a solution to this problem. 

The present investigation has been concerned with the extraction of the 
organic acids from ground, dried Valencia orange leaves with absolute ethyl 
ether, and with the subsequent determination of total and individual organic 
acids in the water solution of the ether extract. In addition, water-soluble’ 
organic acids were extracted directly from aliquot portions of the dried leaf 
samples, and these data were compared with the total and individual acids 
extracted with ether. This information revealed the amounts of organic 
acids present in the leaves in soluble and insoluble states. The influence of 
these factors on the buffer system of the leaves is discussed. Furthermore, 
certain relationships are proposed concerning the synthesis and translocation 
of organic acids from the leaves to the fruit. 


Materials and methods 
PREPARATION OF SAMPLES 


For these experiments, 300- to 500-gram samples of mature Valencia 
orange leaves (1 to 2 years old) were taken from 20-year-old trees in plots 
iocated at the University of California Citrus Experiment Station. Leaf 
samples were purposely picked at stated hours (9:00 a.m. and 1:30 P.m.), 
over a period of five days, beginning at 1:30 p.m. June 10 and ending at 
9:00 a.m. June 14. 


1 Paper no. 555, University of California Citrus Experiment Station, Riverside, Calif- 
fornia. 
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The freshly picked leaves were wiped free of dirt with a soft cotton cloth, 
placed in wire baskets, and dried in a ventilated oven at 65° C. When 
thoroughly dried, the leaf samples were ground to a finely divided state in 
a Wiley mill. The total nonvolatile organic acids were extracted from these 
dried, ground samples with absolute ethy] ether. 

Water extracts on which the soluble organic acids were determined were 
obtained by placing 2 gm. of dried leaves and 125 ml. of water in a round- 
bottom flask and allowing extraction, with frequent shaking, on a water bath 
for 4hours. The extract was filtered from the residue, and the filtrate and 
washings were diluted to a 200-ml. volume. Aliquot portions of this extract 
were used for determining the soluble citric, malic, and oxalic acids, and the 
soluble potassium and calcium. The pH values of the water extract were 
also determined on aliquot portions of this solution. 

Leaf sap was obtained by cutting the fresh leaves into small pieces, plac- 
ing them in glass jars with covers, and freezing the tissue for 48 to 60 hours 
at-—25° C. After thawing, the sap was extracted from the leaves by means 
of a hydraulic press, at a pressure of 20,000 pounds per square inch. Sap 
was centrifuged, and the supernatent liquid was used for determining the 
titration curve. 

CHEMICAL METHODS 


Organic acids were isolated from the dried leaf samples by the method 
of PucHER, VICKERY, and WAKEMAN (10), A known weight of ground, 
dried leaves was acidified to pH 1 with sulphuric acid (4N) and mixed 
thoroughly with asbestos. The material was subsequently extracted with 
absolute ether (H,O, free) for 30 hours. Water was added to the extract 
and the ether was carefully evaporated from the solution, leaving the organic 
acids in the aqueous phase. The water solution containing the organic acids 
was filtered into a volumetric flask and diluted to final volume. Aliquot 
portions of this solution were used for analysis. 

Total organic acids were determined by titrating the water solutions of 
the ether extracts between the limits of pH 7.8 and pH 2.6, according to the 
method of VAN SLYKE and PALMER (21). Since oxalic acid reacted as a 
monobasic acid under these conditions, a correction was made by determin- 
ing, independently, the amount of oxalic acid in the samples. Suitable 
aliquots, depending upon the oxalic acid content, were measured into 100-ml. 
beakers and acidified to Congo red with 0.6 N HCl. The material that floc- 
culated on standing was filtered off on a fine-sintered crucible and washed 
with water. The precipitation and titration of the oxalate from this clear 
liquid were carried out according to the procedure of PucHER, VICKERY, and 
WAKEMAN (10). 

Titration values of the sap and water extracts of the dried leaf samples 
were determined at 23° C. with a Beckman glass-electrode pH meter. 

The quantitative determination of citric acid, free and combined, was 
made on the samples by the pentabromacetone method of PucHERr et al. (11). 
The sample was heated with H.SO, to convert the combined citrates to free 
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citric acid, and the citric acid was oxidized to pentabromacetone by KMnO, 
in the presence of KBr. After extraction of the pentabromacetone with 
petroleum ether, the bromide ion was liberated with Na,S and subsequently 
titrated with standard AgNO,. Citric acid in the original sample was 
ealeulated from the titration. 

Malic acid was determined on aliquot portions of this solution by the 
pentabromacetone method of PucHer et al. (11). The principle of the 
method involved oxidation of malic acid with KMn0, in the presence of KBr, 
to a bromine compound volatile with steam. This compound reacts with 
2.4-dinitrophenylhydrazine to give a water-insoluble product which is solu- 
ble in pyridine. A pyridine solution of this substance, when correctly di- 
luted with water and made alkaline with NaOH, develops a blue color 
proportional to the amount of malic acid present. 

Organic acids of the water extract were precipitated from an alcohol 
solution (85%) of the extract with lead acetate, according to the procedure 
of HARTMANN and Hitiie (3). The precipitate was washed with alcohol, 
suspended in water, and freed of lead by passing H.S through the solution. 
The lead sulphide was filtered off and washed with water. The filtrate and 
washings were combined and diluted to a known volume. Aliquot portions 
of this solution were used for determining the organic acids that were pre- 
cipitated with lead acetate. 

The total and water-soluble calcium and potassium were determined on 
the dried leaf samples. Calcium was determined volumetrically by treating 
the oxalate with dilute H.SO, and subsequently titrating the liberated oxalic 
acid with standard potassium permanganate. Potassium was determined 
gravimetrically according to the method described by WiLcox (22). 


Results 
ETHER-SOLUBLE ORGANIC ACIDS OF THE LEAVES 


The amounts of the various organic acids obtained from dried Valencia 
orange leaves by continuous extraction with absolute ethyl ether are shown 
(table 1). As the extraction was performed at a pH of 1, the ether extract 
includes, in the free form, the total organic acid radical. The various organic 
acid constituents in these mature leaves did not vary significantly with 
respect to the time of day in which the samples were collected. 

Total acids extracted from the leaves with ether were determined by 
titrating the aqueous solutions of the ether extracts between pH 7.8 and pH 
2.6. Concentration of total acids in the leaf samples ranged from 1.895 
m.e. to 2.492 m.e. per gram of dry matter. The distinctive feature of table 
I is that the concentrations of malic and oxalic acids are shown to be more 
than twice that of citric acid. The sum of the citric, malic, and oxalie acids 
is not equal to the total acids extracted from the leaves with ether. Unde- 
termined acids in the samples varied from 10.06% to 24.08% of the total 
acids present. Apparently one (or more) unknown organic acid is present 
in this undetermined fraction. It should be emphasized at this point that 
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the total acids extracted from the leaves by ether were corrected for the 
phosphate and H,SO, occurring in the extract. 

Although the different acid fractions showed considerable variation 
between samples, as a whole the results showed definite uniformity. Since 
these leaves were fully mature, their respiration rates and metabolic reac- 
tions were probably much lower than similar reactions in young leaves. If 
these mature leaves had had high respiration rates, it is probable that large 
differences in the concentration of organic acids would have occurred between 
the different samples. 


WATER-SOLUBLE ORGANIC ACIDS OF THE LEAVES 


The water-soluble organic acids in the dried leaf samples are shown 
(table II). Obviously, these determinations were made on the same leaf 


3 HCl Na 


© 8 6 4 2 te) 2 4 6 & 10 
ME. PER ML. LEAF SAP 


Fig. 1. Titration curve of undiluted sap of mature Valencia orange leaves. 


samples used in obtaining the data for table I. Total soluble acids in the 
water extract varied from 1.056 m.e. to 1.478 m.e. per gram of dry matter. 
Active acidity of the water extracts varied between pH 5.35 and pH 5.55. 
These values are slightly lower (0.3 to 0.4 of a pH) than those recorded for 
undiluted leaf sap (fig. 1). No presumption is made that the pH values of 
either the water extracts or expressed saps represent the pH of the uninjured 
cells. Under such experimental conditions as these, all pH and concentra- 
tion gradients within and between the cells of the leaves are eliminated. 
The ionic concentrations of the water extracts and of the expressed saps are 
quite different from the total amount soluble in the sap of uninjured cells. 
The pH values of these systems therefore represent determinations made on 
a composite sample of the soluble constituents that affect the acidity and 
buffer properties of the leaf tissue. 

The amounts of water-soluble citric acid in the different samples varied 
from 13.90 mg. to 19.72 mg. per gram of dry matter. In all samples except 
one (no. 5), more than 90% of the total citric acid was water soluble. 
Similar values for malic acid reveal the high solubility of this acid in the 
water extract. For some unknown reason, however, the values for malic 
acid were slightly more variable than those for citric acid. It is possible 
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that these variations may be attributed to the highly active character of 
malic acid biochemically ; its concentration in the leaves is influenced by 
diurnal changes as well as by methods of treatment previous to analysis. 

The high solubility of citric and malic acids in the water extracts indi- 
cates that these two acids are also soluble in the leaf cells. That citric and 
malic acids are soluble in the extract in the presence of calcium ions is shown 
by the data in table III. In acid medium calcium ions do not precipitate 
citric and malic acids. In citrus leaf sap, which has an approximate pH 
of 5.8, citric and malic acids are soluble in the presence of calcium and free 
to migrate and participate in the metabolic processes of the cells. 

In comparison with the total oxalic acid in the leaves (table I), the 
amount soluble in water, in the presence of soluble calcium, was relatively 
small (1.31 mg. to 1.85 mg. per gram of dry matter). This represents the 
approximate limit of solubility under these experimental conditions. Re- 
sults show that most of the oxalic acid in mature Valencia orange leaves is 
in the cells as insoluble calcium oxalate. Some of the insoluble oxalate may 
be in the form of magnesium salt. This view is deducted from the results 
of experiments of Pierce and APPLEMAN (8), who found that magnesium 
oxalate forms a supersaturated solution. 

Water-soluble citric, malic, and oxalic acids are not equal in concentra- 
tion to total acids in the water extract. The undetermined acids in the water 
extract are composed of some inorganic acid salts, and perhaps of other 
organic acid radicals. 


RELATION OF SOLUBLE AND INSOLUBLE CALCIUM AND POTASSIUM TO THE 
OXALIC AND TOTAL ACIDS OF THE LEAVES 


In general, the excess inorganic cations (over anions) of leaf tissue are - 
highly correlated with the ether-soluble organic acids (8, 13), and the insolu- 
ble oxalates are highly correlated with the insoluble calcium (5,6). In the 
present experiments no attempt was made to determine the cation-anion 
balance, but the data recorded in table III reveal certain pertinent facts 
about the potassium and calcium in relation to the acid constituents and 
their buffer properties in the leaves. The sum of calcium and potassium 
accounts for more than 95% of the total inorganic cations in these samples. 
The remainder of the inorganic cations is composed chiefly of magnesium 
and sodium. 

Total calcium in the different samples varied from 1.882 m.e. to 2.017 
m.e. per gram of dry matter. The calcium content of citrus leaves increases 
with the growth and age of the tissue (7) ; therefore, if these leaves had been 
older (for example, 3 years of age) the calcium concentration would have 
been much higher. Water-soluble calcium amounted to an average of 
44.76% of the total calcium. More than half of the total calcium is com- 
bined in the leaves in an insoluble form. Again, it is essential to draw atten- 
tion to the low concentration of oxalic acid in the water extracts (3.98% of 
total oxalic acid). Consequently, nearly all the oxalic acid in the leaves is 
in the form of insoluble oxalates. This condition in the leaves confirms the 
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generalization that insoluble oxalates are correlated with insoluble calcium. 
If the sum of the water-soluble calcium and that combined with the oxalic 
acid be subtracted from total calcium, there remains a portion of insoluble 
ealeium to combine with other substances (calcium pectate, etc.) of the 
leaves. The increase in insoluble oxalates with the growth and age of leaves 
is similar to the increase in total calcium. Calcium used in forming insolu- 
ble oxalates is not available for metabolic purposes. Apparently, the pH 
within the cells of citrus leaves never becomes sufficiently low to put ealeium 
oxalate into solution. If this form of calcium is to be utilized by the plant, 
an enzymatic mechanism or some other process would have to change the 
insoluble calcium oxalates to other soluble compounds. 

Nearly all the potassium in these leaf samples is water soluble (96.32% 
to 99.46%). This is evidence that the potassium salts are in the ionie form. 
Potassium salts of the organic acids are soluble in water. As these salts are 
soluble in the leaves, they contribute a considerable part of the buffer capac- 
ity of the leaf sap. The type of buffer curve exhibited by the sap is shown 
(fig. 1). Concentration of free acids, organic and inorganic, in the sap is 
relatively small and is represented by the portion of the curve between zero 
and the milliequivalents of NaOH required to bring the system to a pH of 
8.20. The acid titration curve is recorded only to a pH of 4.60, and to 10 
m.e. HCl per 100 ml. of leaf sap. From this point to a pH of 2.0, the curve 
slopes very gradually and is not of sufficient importance for consideration 
in these studies. 

Water-soluble acids in the leaf samples average 55.13% of the total ether- 
soluble organic acids; the amount of organic acids insoluble in water is 
therefore 44.87%. Note has already been made of the high concentration 
of oxalic acid in the leaves, most of which is insoluble in water. The sum — 
of the water-soluble acids and the total oxalic acid is nearly equal to the total 
acids of the leaves. In other words, oxalic acid accounts for nearly all the 
insoluble organic acids in the leaves. 


ACID CONSTITUENTS OF THE LEAVES COMPARED WITH THOSE 
OF THE FRUIT JUICE AND PEEL 


An interesting comparison is shown (fig. 2), in that the total, citrie, 
malic, and oxalic acids are given for mature leaves and for the juice and 
peel of mature Valencia orange fruits. Leaves contained the highest con- 
centrations of total, malic, and oxalic acids; juice, however, contained the 
highest concentration of citric acid. The peel contained the lowest concen- 
trations of total and citric acids; the juice contained the lowest concentra- 
tions of malic and oxalic acids. Special attention should be drawn to the 
exceptionally low concentration of citric acid in the peel. As already shown, 
the sum of the citric, malic, and oxalic acids is not equal to the total acids 
of the leaves, the undetermined fraction amounting to approximately 15 m.e. 
per gram of fresh weight. The determined fraction is composed chiefly of 
malic and oxalic acids, accompanied by a small amount of citric acid. As 
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in the leaves of most plants, the concentration of malic acid exceeds that of 
citrie acid. 

The exceptionally low concentration of organic acids in the peel of citrus 
fruits, in comparison with that in the leaves and juice, is highly suggestive 
of the location of organic acid synthesis in citrus fruits. These fruits, unlike 
pomaceous fruits, have no fleshy centers permeated by fibrovascular bundles. 
The vascular system is chiefly confined to the mesocarp (spongy parenchyma 
of the peel), and therefore serves the important function of transporting 
water and solutes from the tree to the pulp vesicles. These conclusions have 
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Fic. 2. Comparison of organic acids in mature leaves and in peel and juice of 
mature fruits of the Valencia orange. 


been substantiated by the experiments of Hopason (4), of BARTHOLOMEW 
(1), and of BarRTHOLOMEW and REED (2), who showed the existence of an 
equilibrium between the water in citrus trees and in their fruits. This equi- 
librium is manifested by the diurnal changes in volume of fruits on trees 
subjected to an environment conducive to excessive leaf evaporation. Re- 
sults of these studies led REEp (14) to conclude that the translocation of 
liquids in citrus fruits is through the layers of hydrophilic colloids on the 
walls of the mesocarp, and that the juice vesicles in the pulp of the fruit 
exert sufficient suction pressure to pull the water from the hydrated colloids. 

These facts are pertinent to organic acid synthesis in citrus fruits in view 
of the fact that large amounts of organic acids are synthesized in the leaves, 
and if these acids are subsequently transferred to the juice vesicles through 
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the albedo (mesoearp), it would appear that higher concentrations than are 
present should occur in the mesocarp. The mesocarp contains sufficient 
cations to form salts (soluble and insoluble) as the organic acids pass through 
the peel to the vesicles, which contain large amounts of organie acids. The 
mesocarp is notably low in amounts of free and combined organic acids, 
however. During the entire growth and maturation of the fruit the pas- 
sage of water and solutes from leaves to vesicles and vice versa, during periods 
of excessive leaf evaporation, did not result in accumulation of organic acids 
in the peel of mature fruits. If the accumulation of citric acid in the juice 
vesicles is caused by its transfer from leaves to vesicles during fruit growth, 
the assumption can be made that there should be more citric acid in the peel 
and more malic acid in the juice. According to figure 2, the leaves contain 
nearly three times as much malice as citric acid, and the juice of the pulp 
contains eight times as much citric as malic acid. To reverse this ratio 
during transfer from leaves to vesicles, a conversion of malice to citrie acid 
must take place, or citric acid must be synthesized in the vesicles. 

Whatever may be the cause for this reversal in concentration of malice 
and citric acids, attention should be drawn to the experimental data that 
have accumulated to support the thesis that, under certain conditions, malice 
acid is converted to citric acid. PucuHer et al. (12) found that the culture 
of tobacco leaves in the dark brought about a decrease in malic acid equiva- 
lent to 14.2%, 11.2 %, and 8.5% respectively, of the organic solids, and an 
increase in citric acid of 8.3%, 6.6%, and 5.1% respectively, of the organic 
-solids. These results were confirmed by PLatnitsky (9), who found that 
citric acid in excised tobacco leaves, when exposed to solutions of potassium 
salts of malic, succinic, and fumariec acid, was four to five times that of the 
fresh leaves. 

Lack of accumulation of organic acids in the peels of citrus fruits sug- 
gests that organic acids in the pulp are synthesized in the vesicles from the 
carbohydrates. This deduction agrees with the limited experiments by 
Ricevuto (15), who concluded that citric acid is formed in lemon fruits 
from reducing sugars and pentosans by enzymatic action. Although the 
organic acids have not been determined for mature lemon leaves, data are 
available for lemon peel (19) and for lemon juice (17). It is highly prob- 
able that the concentration of organic acids in lemon leaves is not signifi- 
cantly different from that in Valencia orange leaves. The concentration of 
organic acids in lemon peel is about equal to that in Valencia orange peel 
(fig. 2). The situation is quite different with respect to lemon juice. A 
sample of mature lemon juice containing 60 mg. per milliliter of citrie acid 
has approximately 90 m.e. of total acid per 100 gm. fresh weight. This con- 
centration is of the same order of magnitude as that of the leaves, but lemon 
peel is exceptionally low in total acid content. 


Summary 
The total organic acids were extracted from mature Valencia orange 
leaves with absolute ether, and the water solution of the extract was subse- 
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quently analyzed for total acid and for citric, malic, and oxalic acids. The 
undetermined acid fraction in the ether extract amounted to a mean of 
17.76% of the total acids. This indicates the presence of one or more un- 
known organic acids in the leaves. The mean concentrations of citric, malic, 
and oxalic acids were 12.28%, 30.57%, and 39.38%, respectively, of the total 
acids. 

An analysis of the water extract of the leaf samples showed that while 
most of the citric and malic acids were water soluble, most of the oxalic acid 
was insoluble in the water extract. Some of the calcium and all the potas- 
sium proved to be water soluble. More than half of the total calcium is 
combined in the leaves in an insoluble form. The insoluble oxalates are 
correlated with the insoluble calcium. Increase in insoluble oxalates with 
the growth and age of the leaves is similar to the increase in total calcium. 
If the sum of the water-soluble calcium and that combined with the oxalic 
acid be subtracted from total calcium, there remains a portion of insoluble 
calcium to combine with other substances (calcium pectate, etc.) of the 
leaves. The sum of the water-soluble acids and the total oxalic acid is nearly 
equal to the total acids of the leaves. The water-soluble organic acids and 
the soluble cations (calcium and potassium) form the free acid-salt relation- 
ships that contribute to the buffer capacity of the leaf sap. 

The leaves contained nearly three times as much malice as citrie acid, 
and the juice of the pulp contained eight times as much citrie as malie¢ acid. 
To reverse this ratio during transfer from leaves to vesicles of the pulp, it 
is postulated that a conversion of malic to citric acid must take place, or 
citric acid must be synthesized in the juice vesicles. 

Possible synthesis of the organic acids in the vesicles of citrus fruits is 
discussed. 
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It was reported in 1930 (2) that exposure to polarized light had been 
found to induce hydrolysis of starch grains in the mesophyll of living leaves. 
Similar action on starch grains in vitro has also been observed (1, 3, 6). 
The present paper gives an account of some experiments on the hydrolyzing 
influence of polarized light when applied to foliar stomata. In many plant 
forms the guard cells of leaf stomata are more easily observed in the living 
condition than are other starch-containing cells. Also, guard cells are spe- 
cially attractive for studies on turgor or changes in relation to starch for- 
mation and starch hydrolysis, for turgor changes influence the opening and 
closing of the stomatal apertures. All of these tests were made with bright 
sky light or direct sunshine, polarized by means of a Nicol prism, or some- 
times by means of reflection from a glass-covered ferrotype plate. 

The list of plant forms studied included Hyacinthus orientalis, Conval- 
laria majalis, Pancratium fragrans, Tradescantia fluminensis, Hemerocallis 
fulva, Crinum americanum, Lactuca sativa, Tropaeolum polyphyllum, and 
Rheum rhaponticum. These plants were chosen because their foliar sto- 
mata are relatively large and are essentially confined to the lower (or 
abaxial) leaf surface. In healthy leaves of all these forms, or in pieces of 
still living epidermis stripped from the leaves, polarized light was found to 
induce or accelerate the disintegration and hydrolysis of the starch grains 
of the stomatal guard cells. 


Methods 


For study in the living condition pieces of epidermis from the lower leaf 
surface were quickly placed in a thin film of water on a slide and brought 
to the microscope stage, or they were placed directly on the stage of the 
instrument. For final examination and temporary presentation such strips 
were killed and fixed by submerging in hot 98% ethyl alcohol for about a 
minute, washed in water, treated with potassium iodide-iodine solution to 
identify starch grains if present in the guard cells, and mounted in glycerine 
solution. 

Results 
In the following sections some representative experiments are described. 


EXPERIMENT 


At 4 p.M., when the guard cells were certainly well filled with starch, 
a Nicol prism was closely applied to a portion of the lower surface of a leaf 
270 
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of a healthy Hyacinth plant growing in a sunny window. Thus, polarized 
sky light reached a rectangular area (about 0.5 of an inch) of the lower leaf 
surface. Around that specially lighted area was a border about one-half 
of an inch wide, covered by the opaque frame of the prism, which thus 
received no direct light. While most of the lower surface received unpolar- 
ized sky light, the whole upper surface received natural sky light, some por- 
tion of which doubtless penetrated weakly through the leaf. After three 
days of clear weather, samples of lower epidermis were taken from the 
experimental leaf at about 4 p.m. and examined microscopically. It was 
found that the stomata of the region that had received polarized light from 
the prism were generally widely open, with guard cells containing very little 
or no starch (fig. 1A). On the other hand, in the regions that had not 
received polarized light the stomata were generally closed, or nearly so, and 
their guard cells were packed with starch _— (fig. vag 


Fie. 1. A. Hyacinth stomata after exposure to polarized sky light. Open apertures, 
little or no starch in guard cells. B. Control for figure 1A, after exposure to unpolarized 
sky light. Narrow apertures, much starch in guard cells. 


EXPERIMENT II 


At about midday, a strip of lower epidermis from a healthy young 
Hyacinth plant in a sunny window was quickly laid out in a film of water 
on a slide, which was placed on a microscope stage that was provided with 
a substage Nicol polarizer. Thus the portion of epidermis in the field of 
vision was illuminated from below by polarized light only, while the rest 
received only natural sky light from above. Observations were made from 
time to time without disturbing the preparation. At first the stomata in the 
field were all closed or nearly so and the guard cells were well filled with 
starch. But within two hours the contents of the guard cells began to 
assume a finely granular appearance and their plastids were becoming flat- 
tened and less clearly defined. After three hours of exposure to polarized 
light the stomata were evidently opening and there were translucent patches 
in the guard cells, where the starch grains had disappeared completely. 
Finally, after having been fixed and stained with iodine at the end of a 
4-hour experiment period, the stomatal apertures in the region that had 
received polarized light were found to be open, while each guard cell was 
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almost empty of starch, with the exception of a few grains near the cell 
- nucleus. In the rest of the strip of epidermis, the stomata were still closed 
and their guard cells were full of starch, as at the beginning. 


EXPERIMENT III 


At about 1 p.m. two similar strips of lower foliar epidermis were taken 
from a healthy plant of Pancratium growing in a sunny window. The strips 
were quickly laid out with a little water directly on the stages of two adjacent 
microscopes. One of the microscopes had a substage Nicol prism, over which 
rested a portion of the strip. The instrument was darkened by a cover, 
excepting that the ocular was left uncovered for observation and bright sky 
light was allowed to fall on the mirror, to be reflected upward through the 
prism. Thus the portion of the strip in the field of vision received only 
polarized light from beneath, while the remainder was kept in darkness. 


Fie, 2. A. Pancratium stomata after exposure to polarized sky light. Open aper- 
tures, little starch in the guard cells. B. Control for darkness. Closed apertures, much 
starch in guard cells. C. Ordinary sky light control for figure 2A. Narrow apertures, 
much stareh in guard cells. 


The second microscope was without prism or cover and the part of its strip 
which was in the field was illuminated from “beneath by bright sky light 
reflected from the mirror ; the rest of this strip received only diffuse daylight 
from above. 

Microscopic observations began at 2 p.M., when the guard cells in both 
fields were found to contain much starch and their stomatal apertures were 
closed or very narrow. By 5 p.m. the guard cells receiving polarized light 
were evidently losing starch and their apertures were widening, but the sto- 
mata illumined by unpolarized light from below were still essentially closed 
and the starch content of their guard cells was seen to have increased con- 
siderably. Both strips were fixed and stained at 6 P.m., when the stomata 
that had received polarized light were generally open, with their guard cells 
partly depleted of starch (fig. 2A). The stomata that had remained in 
darkness or had received only diffused light from above were closed or 
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-ell nearly so, their guard cells being tightly packed with starch (fig. 2B). Those 
ae that had received bright sky light were closed or showed very narrow aper- 
tures and their guard cells were also tightly packed with starch (fig. 2C). 
EXPERIMENT IV 
* To study the changes induced in the plastids of stomatal guard cells 
. through exposure to polarized light, two strips of lower epidermis from a leaf 
* of Crinum were used. One strip was laid out in a water film on a slide which 


ch rested on the stage of a microscope equipped with a substage Nicol prism. 
Sky light reflected from the mirror was polarized and thrown on the under 
side of the strip in the region over the prism, where the guard cells and their 


vf plastids could be readily examined in some detail by means of a ;y-inch 
ocular. Asa control experiment, a similar preparation was arranged in like 
. manner on a second microscope, which had no Nicol prism. 


At the beginning of this test, a little before midday, both microscopes 
showed essentially the same features : stomatal apertures were closed or very 
narrow and each guard cell contained many (twenty or more) apparently 
turgid plastids full of starch. Observations were continued at intervals for 
about five hours, without notable changes in the stomata that were receiving 
ordinary light. After 2 to 3 hours the plastids of the stomata receiving 
polarized light were seen to have altered their positions slightly, as if in 
response to altered relations of pressure or viscosity. From then on, there 
was a gradual decrease in the size of the plastids and in their starch content, 
so that clear spaces appeared and broadened. Meanwhile the apertures of 
these stomata were opening and they were finally recorded as fully open. 
At the end of this experiment, examination of the fixed and stained 
pieces of epidermis showed no changes in the stomata that had received 
ordinary light, but those that had received polarized light showed marked 
ehanges. As already noted, they were widely open. Their plastids, shrunken 
| and apparently somewhat reduced in number, were slightly brownish in 
color, suggesting the iodine reaction of dextrins. Many of their starch grains 
had disappeared or were greatly decreased in size. The larger ones showed 
the usual purple iodine stain but many of the smaller grains were very indis- 
tinct and failed to show any stain at all. 


EXPERIMENT V 


Tn each of two culture chambers was placed a healthy potted plant of 
Tropaeolum. In the first chamber the only illumination was bright sky light 
reflected from a ferrotype plate covered with glass placed at an angle of 
56 degrees to the horizon tu produce a high degree of polarization by reflee- 
tion. The second chamber was lighted by bright sky light reflected from 
white paper and consequently unpolarized. Tests with photographie paper 
indicated that light intensity was approximately equal in the two chambers 
in the daytime; of course both chambers were dark at night. This angle of 
polarization can be tested by using another Nicol prism as an analysis. 
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In the late afternoon of the second day of this experiment a leaf from 
each plant was boiled in ethyl alcohol, stained with iodine, and examined 
microscopically with the lower surface uppermost, without any attempt to 
separate the epidermis from the rest of the leaf. The findings are indicated 
by the photographs of figures 3A and 3B, secured by focusing on the lower 
epidermis, bundles and mesophyll forming the blurred background. It is 
evident that the guard cells of the leaf that had received polarized light from 
the ferrotype plate were essentially without starch (fig. 3A), while those of 
the leaf receiving unpolarized light from white paper were well filled with 
starch (fig. 3B). The iodine stain makes the stomata remarkably conspicu- 
ous in the latter photograph. 


Fig. 3. A. Tropaeolum leaf surface, after exposure to polarized sky light. Aper- 
tures partly closed, guard cells with little starch. B. Diffuse sky light control for figure 
3A. Apertures mostly open, guard cells with plentiful starch content. 


By focusing beneath the surface of the stained inverted leaf it appeared 
that the mesophyll cells, which usually contain starch in Tropaeolum, were 
devoid of starch in both leaves. On the reasonable supposition that both 
guard cells and mesophyll contained starch at the start of this experiment, 
it appears that the mesophyll starch was hydrolyzed just as thoroughly in 
ordinary light as in polarized light; all light penetrating to the mesophyll 
must have been very weak, whether polarized or not. On the other hand, 
it seems clear that the polarized light absorbed in the superficial cells was 
sufficiently intense to induce the disappearance of whatever starch was origi- 
nally present in the guard cells. 


EXPERIMENT VI 


At 11 A.M. on a clear day a piece of healthy Rheum leaf was placed up- 
side down on a slide and brought under a microscope. In the magnified 
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field about seven stomata were visible, of which all but one were closed at 
that time, and all visible guard cells were well filled with starch. Fifteen 
minutes later a Nicol polarizer was inserted in the microscope stage beneath 
a part of the preparation. After 90 minutes of exposure to polarized light 
from the prism, four of the seven stomata first observed were well open and 
the remaining three had begun to open. At 2 P.M., with lower magnification 
and a broader field, nearly all stomata over the prism were found to be open 
and many of the guard cells in that region were found to be nearly or wholly 
devoid of starch. However, the stomata which had not received polarized 
light (being lighted only by ordinary diffuse light from above) were then 
generally completely closed, with well filled guard cells. 


EXPERIMENT VII 


As has been noted, when the starch of closed stomata was hydrolyzed 
by polarized light this process was characteristically accompanied by open- 
ing of the stomatal apertures. Opening of stomata of Crinum was specially 
studied by means of epidermis strips under the microscope. The apertures 
were nearly all closed at the start of this test, with maximal width of the 
most open ones being 3 to 4 microns. After a 5-hour exposure to polarized 
light from a substage Nicol prism almost all the stomata thus treated were 
wide open, with maximal apertures 8—11 microns wide. 


EXPERIMENT VIII 


Because the original source of light for many of these experiments was 
relatively weak, being sky light, used either directly or as reflected from the 
microscope mirror, and because the polarized light from a Nicol prism is 
generally only about one-half as intense as the original light entering the 
polarizer, it seemed desirable to make some tests with direct sunshine as” 
original source, which would be much more intense than sky light. With 
this thought in mind, a young and healthy plant of Hyacinth in a south 
window was kept in direct sunshine, from noon till 3: 30 p.m. on January 23, 
when it was safe to suppose that the guard cells would be well filled with 
starch. Then a Nicol prism was placed closely against the lower surface of 
one of the leaves, in order that the region covered would receive polarized 
sunshine, with full sunshine as the source. The region covered by the cork 
rim of the prism received no full sunshine and was almost in darkness, so 
far as direct light was concerned. The rest of the lower surface also received 
some sky light indirectly by penetration through the leaf tissues from the 
upper surface, but such additional radiation must have been very weak and 
was considered as quite negligible in the present connection. This plant 
stood in bright sunshine till the end of the daylight period of the 23rd, then 
in darkness till the beginning of the daylight period of the 24th, and finally 
in bright sunshine again till 4 p.m. on that day. The air temperature for 
this test was low, never above 50° F. 

At 4 p.m. on the second day, a strip of lower epidermis was taken from 
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the experimental leaf ; this included some of the region covered by the prism 
and some of that covered by the rim as well as some of the uncovered part. 
Microscopie examination of this strip showed that both the guard cells of the 
rim-darkened region and those of the uncovered region were invariably 
erammed with starch and appeared quite normal, the stomatal apertures 
being closed or very narrow (fig. 4A). In the region which had received 
polarized light some of the stomata were open, with little or no starch in their 
guard cells, but in many instances one of the guard cells had been burst 
open, as by an explosion [as noted in a previous investigation (5)] and 
its contents had been extruded (fig. 4B). In one instance the contents of a 
guard cell had been carried away to a distance equal to the long diameter 
of the cell. It appears that starch hydrolysis under the influence of rela- 


tures nearly closed, guard cells filled with starch. B. Polarized direct sunshine control to 
figure 4B. Apertures widely open, guard cells with little or no starch, one exploded in 
each of two stomata. 


tively strong polarized light had proceeded so vigorously, with aeecompany- 
ing rapid rise in sap concentration, that the wall had given way to the 
increasing strain. 


EXPERIMENT IX 


A Nicol prism was kept against a portion of the lower surface of a 
Pancratium leaf in bright sky light from May 29 to June 2. In the after- 
noon of the fourth day samples of lower epidermis were removed, immedi- 
ately treated with boiling Fehling solution, and then examined microscopi- 
eally. Only very faint brownish coloration could be detected in the guard 
cells that had received ordinary light, and these were well filled with starch. 
Guard cells that had been covered by the opaque rim of the prism showed 
slightly more definite brownish coloration along the margins of the aperture 
and they were also well filled with starch. But those guard cells that had 
been under the prism, and had thus received polarized light in the four day- 
light periods of the experiment, were found to show definite accumulation 
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‘Fie. 4. A. Hyacinth stomata after exposure to unpolarized direct sunshine. Aper- 
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of brown material (presumably cuprous oxide from the Fehling reaction) 
in otherwise translucent spaces among the nearly empty plastids. This 
chemical test for reducing sugar furnished additional evidence that polarized 
light induced hydrolysis of starch in foliar guard cells (fig. 5). 


Fig. 5. Deposit of cuprous oxide in guard cells after exposure to polarized light and 
heated with Fehling solution. 


Summary 


For a number of plant forms, closed stomata of the lower foliar surface 
were induced to open in a few hours of exposure to polarized sky light, which 
also induced or accelerated the hydrolysis of starch in the guard cells. These 
results were obtained in experiments on uninjured leaves or strips of epi- 
dermis taken from the leaves but still alive. After several hours’ exposure 
to polarized sky light, tests with Fehling solution indicated that decrease 
in starch content was accompanied by notable accumulation of reducing 
sugar in the guard cells. Under the influence of polarized direct sunlight, 
hydrolysis of starch in a guard cell was sometimes accompanied or followed 
by violent bursting or explosion of the cell, as if by excessive internal pres- 
sure. There was some evidence that weak polarized light which penetrated 
to the mesophyll cells of the leaf might induce or accelerate starch hydrolysis 
in these cells. 

The velocity of induced hydrolysis and of the opening of previously 
closed stomata was naturally dependent on the intensity of the polarized 
light used, on the health and maturity of the plants, and their histological 
characteristics. 

These general results, secured with a few plant forms under general con- 
ditions thus far roughly defined but clearly demonstrated (4), are sufficient 
to call for further more extensive and quantitative studies in this particular 
field of plant physiology. The present report is of pioneer or exploratory 
nature. It is an addition to the writer’s earlier findings concerning the influ- 
ence of polarized light on hydrolysis of starch in vitro (1, 3, 6) and in the 
mesophyll (2). 
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DETERMINATION OF TOTAL AVAILABLE CARBOHYDRATES 
IN PLANTS 
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The estimation of carbohydrates plays an important part in both pure 
and applied plant physiology. While satisfactory methods of extracting 
and determining the individual types of carbohydrates are available, the 
complete fractionation of these is a tedious process. Furthermore, for many 
purposes of a more applied nature the determination of the total available 
carbohydrate content is of greater significance than that of individual ear- 
bohydrates or groups of carbohydrates. 

The term ‘‘total available carbohydrate’’ may be defined as inciuding 
all those carbohydrates which can be used in the plant body as a source of 
energy or as building material, either directly or indirectly after having 
been broken down by enzymes. In most ordinary, higher green plants the 
bulk of available carbohydrate is composed of sugars, fructosans, dextrin 
and starch, whereas hemicelluloses and true cellulose act merely as strue- 
tural materials and as such cannot further be utilized in the same way as 
the former (1, 6, 7, 8, 9, 11). 

Apparently there is no satisfactory method of assessing the total avail- 
able carbohydrate content by means of a single determination. Acid hydrol- 
ysis of entire samples has occasionally been used as a means of determining 
total ‘‘hydrolyzable’’ carbohydrate. The results of such determinations, 
however, are bound to be inaccurate and even erroneous, because it is im- 
possible to separate the starch fraction from the structural carbohydrates 
in this way, and also because the relatively severe conditions of hydrolysis 
required for the complete breakdown of starch and dextrin result in the 
destruction of most of the free and combined fructose (5). 


Methods 


In the method described below small samples of finely-ground, air-dry 
plant material are subjected to digestion by takadiastase under such condi- 
tions as are necessary for the breakdown of starch, dextrin, and maltose to 
glucose (4). Other sugars and fructosan are extracted at the same time 
and, after clarification are converted to reducing sugars by suitable acid 
hydrolysis; after this procedure the reducing power of the neutralized 
hydrolysate is determined. 

To prevent chemical changes during storage the samples should be killed 
immediately after harvesting. This can be done by autoclaving for five 
minutes under five pounds of pressure or, if an autoclave is not available, 
by some other suitable heating treatment of short duration (5). The killed 
material is dried in the air, or at a temperature of 40° to 60° C. When air- 
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dry, the material may be divided into its morphological constituents (stems, 
leaves, roots, rhizomes) and weighed if required. It is then ground to a fine 
powder and stored in air-tight bottles. 


SOLUTIONS REQUIRED 


BUFFER SOLUTION.—A buffer solution of pH 4.45 is prepared by mixing 
three volume parts of 0.2N acetie acid with two volume parts of 0.2N 
sodium acetate solution. To one liter of this solution one gram of powdered 
thymol is added. This dissolves slowly but almost completely. The thymol 
not only preserves the buffer solution indefinitely but also acts as an efficient 
antiseptic in the digestion of the plant material by the takadiastase (3). 

TAKADIASTASE SOLUTION.—Commercial takadiastase contains a large 
proportion of free-reducing substances, and it is essential to remove these 
by means of dialysis in order to avoid undesirably high blank values. A 
suitable membrane may be prepared from a 4% pyroxylin solution in the 
following way : four grams of pyroxylin are soaked for 15 minutes in 25 ml. 
of absolute alcohol to which 75 ml. of ether are then added, the mixture is 
stirred and left standing in a closed vessel until the solution becomes clear. 
A large Soxhlet extraction thimble is partly filled with the solution and 
drained so that the liquid forms a continuous membrane on the inside of the 
thimble. The membrane is dried in a moderately warm place for from three 
to five minutes ; i.e., until most of the ether has evaporated. The degree of 
evaporation can easily be judged by the odor. During drying the thimble 
is constantly rotated and occasionally blown into. The thimble with the 
membrane is kept in water until used. 

For the dialysis five grams of commercial takadiastase are dissolved in a 
convenient volume of water. The solution is transferred to the thimble 
which is kept suspended in a jar of running tap water for three or four days. 
At the end of this period the dialyzed solution is filtered into a one-liter 
standard flask, and made to volume. Dialyzed takadiastase solutions, pre- 
pared in this way, were found to be as active as the original material while 
containing only traces of reducing substances. Stored in the dark, prefer- 
ably in a refrigerator and with the addition of a small amount of thymol, 
the solution will retain its activity for approximately six weeks. 

If ‘‘undiluted’’ takadiastase of little or no reducing power is available, 
its use would make such dialysis treatment unnecessary; a 0.5% solution 
should be satisfactory for the purpose. 


PROCEDURE 


Weigh out a 0.1- to 1-gram sample of air-dry material and transfer to a 
100-m]. Erlenmeyer flask which has previously been weighed accurately to 
the nearest 0.01 gram. The weight of sample to be used depends on the 
total available carbohydrate content of the material (see below under section 
‘*substrate-enzyme ratio’’). Add 10 ml. of distilled water and heat for } 
hour on the boiling water-bath to gelatinize starch, inserting a small glass 
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funnel into the neck of the flask to mmimize the loss of water. Cool to room 
temperature, wipe the moisture from the outside of the flask and the inside 
of its neck with a clean rag, place the flask on a balance, and by means of a 
dropping bottle add as many drops of distilled water as necessary to replace 
the water lost by evaporation. The counterpoise to be used must equal the 
weight of the flask plus the weight of the air-dry sample plus 10.0 grams. 
Pipette 10 ml. of buffer solution and 10 ml. of takadiastase solution into the 
flask, thus increasing the liquid volume of the digest to 30.0 ml. The mois- 
ture content of the air-dry sample will usually be negligible but may be 
taken into account if considered necessary. Stopper the flask tightly with 
a well-fitting rubber stopper, and incubate for 44 hours at 37° to 38° C., 
shaking the flask occasionally. 

Cool to room temperature, add 50 to 100 mg. of powdered neutral lead 
acetate, shake, and allow precipitate and residue to settle. Test for com- 
pleteness of the reaction with a single drop of dilute potassium oxalate solu- 
tion, and filter, without washing, through a dry, highly retentive filter (such 
as Whatman no. 42) into a dry flask containing 100 to 200 mg. of powdered 
potassium oxalate. Shake, test for completeness of deleading with a drop of 
dilute lead acetate solution, stopper, and let stand from three to four hours, 
or overnight in a refrigerator. 

Filter and hydrolyze a 15-ml. aliquot with 0.75 ml. of 25% hydrochloric 
acid for } hour on the boiling water bath, attaching the flask to a reflux con- 
denser. Cool, transfer quantitatively to a 50-ml. standard flask, nearly neu- 
tralize with 25% sodium hydroxide solution (using a few drops of methyl- 
red solution as indicator), and make to volume. The final extract volume 
(50 ml.) contains 15/30 (one-half) the total available carbohydrate of the 
original digest. 

The reducing power of the extract may be determined by any suitable 
reducing sugar method. In the present experiments a previously described 
semimicro method using 5-ml. aliquots was employed for all determinations 
(10). Blank determinations should be carried out whenever a new takadia- 
stase solution is used. For this purpose, pipette 10 ml. of distilled water, 
10 ml. of buffer solution, and 10 ml. of the takadiastase solution into a 100-ml. 
Erlenmeyer flask. Incubate, and subsequently treat the blank digest in ex- 
actly the same way as the other digests (except for the gelatinization treat- 
ment which is omitted in the case of the blanks). Subtract the blank titra- 
tion value from the titration value for the plant digest, caleulate as glucose, 
and report as ‘‘ total available carbohydrate.’’ 

A considerable number of determinations can be completed with this 
method in a relatively short time. The necessary equipment being available, 
a single worker can carry out 12 determinations simultaneously. If on each 
of the first three days one set of 12 determinations is started, these can be 
completed in succession during the following three days, making 36 deter- 
minations per week. 


S, 
le 
g 
d 
t 
; 

l 


282 a PLANT PHYSIOLOGY 


It is tentatively suggested that the method may also be of interest to 
students of problems of human nutrition. The carbohydrates determined 
by the described procedure are essentially those constituting that carbohy- 
drate fraction in vegetable foods which is digestible by the human organism. 
The direct estimation of this fraction may well be superior to its calculation 
by subtraction, as is done in the conventional analysis of foodstuffs. 


Experimental data 
DIGESTIBILITY OF VARIOUS CARBOHYDRATES 
The conditions under which takadiastase converts starch completely to 


glucose have been ascertained by Denny (4). YeEm™ (14) used takadiastase 
successfully for the hydrolysis of maltose as well. A series of preliminary 


TABLE I 
TAKADIASTASE DIGESTIBILITY OF VARIOUS CARBOHYDRATES 
GLUCOSE PER DIGEST 
PERCENTAGE 
CARBOHYDRATE BEFORE A DIGESTED BY 
ACID TAKADIASTASE 
HypRoLysis | HYDROLYSIS 
mg. mg. % 
Rice starch 25.4 26.6t 95.5 
Maize starch (technical) ................... 23.0 23.4t 98.3 
Yellow dextrin (Merck’s) ................. 13.8 26.2t 52.7 
Maltose (Schering-Kahlbaum) ..... 24.5 25.9t 94.5 
Dextrin-Maltose mixture” .................... 25.1 26.5t 94.7 
Tnulin (Gurr) 0.16 24.5 0.65 
Sucrose (Analar) 19.3 25.6t 75.4 


* Prepared by action of saliva upon rice starch; dextrin: maltose = 1:4 (approx.). 

+t Hydrolyzed 20 ml. of the digest with 1.6 ml. 25% HCl for 1 hour at 15 lb. pressure. 

+t Hydrolyzed 20 ml. of the digest with 1.0 ml. 25% HCl for 4 hour on the boiling 
water bath. 
experiments was carried out to test the digestibility of various carbohydrates 
by takadiastase under the conditions proposed by Denny (4) and subse- 
quently adopted in the method of estimating total available carbohydrates. 

Solutions of starch, dextrin, maltose, sucrose, and a suspension of inulin 
were prepared. The starch and dextrin solutions were boiled three minutes 
before being cooled and made to volume. Twenty-five mg. of carbohydrate 
were used in each digest, the total volume of which was adjusted to 50 ml., 
including 10 ml. of dialyzed takadiastase solution (corresponding to 50 mg. 
original takadiastase) and 20 ml. buffer solution (pH 4.45). After an 
ineubation period of 44 hours at 37° to 38° C. the reducing power of the 
digests was determined and an aliquot was hydrolyzed by acid under con- 
ditions known to be necessary for the complete breakdown of the compound 
to hexose sugars. The reducing power of the neutralized hydrolysate was 
determined, and by expressing the reducing power of the digest as a per- 
centage of the reducing power of the neutralized hydrolysate (making the 
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necessary corrections for dilutions and blank values), a measure of the 
takadiastase digestibility of these carbohydrates was obtained (table I). As 
will be seen, starch and maltose were almost completely hydrolyzed by 
takadiastase. In the case of Merck’s yellow dextrin, however, only 52.7% 
was recovered as glucose by digestion with takadiastase. Further experi- 
ments with other commercial dextrins, all of which are produced by the 
action of acid upon starch, revealed that they were all more or less resistant 
to takadiastase (12). Dextrin produced from starch by saliva, on the other 
hand, was almost completely digestible by takadiastase. While this point 
needs further clarification, it may be assumed that the natural dextrins — 
oceurring in plants are likewise susceptible to takadiastase. 

Inulin was found to be indigestible by takadiastase, and the new method 
of estimating total available carbohydrates is, therefore, not suitable for 
plant materials containing appreciable amounts of this carbohydrate. 
Inulin, which is only slightly soluble in water, will be retained in the residue 
and not included in the result. The partial breakdown of sucrose is doubt- 
less due to the presence of invertase in takadiastase. As shown by previous 
workers, fructosans are likewise susceptible to invertase and also to takadia- 
stase, though the action of invertase upon fructosans is very slow (2). It is, 
however, of no significance that the breakdown of sucrose and fructosans by 
takadiastase is incomplete, since these water-soluble carbohydrates go into 
solution during the process of digestion and are subsequently hydrolyzed by 
the treatment with acid. 


EFFECT OF CLEARING AND HYDROLYSIS TREATMENTS ON SUGAR RECOVERY 


In order to discover whether or not the recovery of sugars is affected 
by the clearing and hydrolysis treatments employed in the total available 
carbohydrate determination, the following series of tests was carried out: 
Aqueous solutions of glucose, fructose and sucrose were prepared containing 
approximately 40 mg. of the sugar per 100 ml. liquid volume. The latter 
included 35 ml. of buffer solution (pH 4.45) ; ie., the same proportion of 
buffer solution as the digests. Solutions were subjected to the same clear- 
ing, deleading, and hydrolysis treatments as employed in the new method 
of determining total available carbohydrates. For the ‘‘clearing’’ treat- 
ment 250 mg. of powdered neutral lead acetate were used per 100 ml. solu- 
tion. 

In the case of fructose and glucose the reducing power of the solution 
was determined before treatment, after ‘‘clearing’’ and deleading, and again 
after ‘‘hydrolysis.’’ The sucrose solution was divided into two portions, 
one of which was ‘‘cleared’’ and deleaded, while the other portion remained 
‘*uncleared.’’ 

The treatments resulted in no loss of sugar, and hydrolysis of sucrose 
was complete (table Il). While the hydrolysis used here would appear 
somewhat more severe than the official methods of hydrolysis of sucrose, it 
should be mentioned that these experiments were carried out at an altitude 
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TABLE II 


EFFECT OF CLEARING AND HYDROLYSIS TREATMENTS ON SUGAR RECOVERY 
MILLIGRAMS SUGAR FOUND PER 100 ML. ORIGINAL SOLUTION 


AFTER 
Suear ORIGINAL CLEARING AFTER AFTER 
SOLUTION AND HYDROLYSIS FERMENTATION 
DELEADING 

mg. mg mg. mg. 

is 43.0 43.6 43.4 0.00 

Fructose ........................... 38.6 38.4 38.6 0.00 
Sucrose 


* Caleulated value. 


of 5,740 feet where the boiling point of water is not more than 93° to 94° C. 
The temperature reading of the acidified sugar solutions during hydrolysis 
was approximately 83° C. At lower altitudes it may be necessary to modify 
the conditions of hydrolysis slightly to avoid loss of fructose from sucrose 
or fructosans. 

Aliquots of the neutralized hydrolysates were subjected to a fermenta- 
tion procedure. The details of this procedure, as well as the results of the 
fermentation experiments, are discussed in a subsequent section. 


TESTS WITH PLANT MATERIALS 


SUBSTRATE-ENZYME RATIO.—In the digestion of starch by takadiastase the 
amount of enzyme used in relation to that of starch is an important factor. 
Denny (4) reported that complete conversion of starch to glucose was ob- 


TABLE III 
CARBOHYDRATE RECOVERY IN RELATION TO SUBSTRATE-ENZYME RATIO* 
RHIZOMES OF Cynodon dactylon MIXED GRASS ROOTS 
MATERIAL MATERIAL 

GLUCOSE GLUCOSE 
mg. mg. % mg. mg. % 

50 8.6 17.2 200 11.2 5.60 

75 13.5 18.0 300 17.2 5.73 
100 17.8 17.8 400 22.7 5.68 
125 22.1 17.7 500 28.2 5.63 
150 26.7 17.8 600 33.7 5.62 
200 33.8 16.9 700 39.7 5.67 
300 49.8 16.6 800 45.6 5.70 
400 64.4 16.1 900 51.4 5.70 
| 1,000 55.8 5.58 

WITHOUT TAKADIASTASE 

400 16.1 | 4.0 | 500 14.4 2.88 


* Glucose values expressed as milligrams per digest and as percentages of the air- 


dry material. 
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tained with a starch-takadiastase ratio of 1:2. Whenever plant materials 
of unknown carbohydrate content are to be analyzed, preliminary experi- 
ments should be carried out to ascertain the most suitable sample weight to 
be used. 

Results of two typical series are discussed. The materials used were 
rhizomes of Cynodon dactylon and mixed roots of South African grasses. 
A series of digestions was carried out with each of the two materials, using 
amounts of air-dry material ranging from 50 to 1,000 mg. per digest. The 
total liquid volume was 30 ml. in all cases, including 10 ml. of dialyzed taka- 
diastase solution, corresponding to 50 mg. original takadiastase. One flask 
was included in each series in which the takadiastase solution was replaced 
by 10 ml. of distilled water. This suspension was incubated and subse- 
quently treated in exactly the same way as the proper digests. The glucose 
value of this extract hence represented the total amount of water-soluble, 
acid-hydrolyzable carbohydrates ; i.¢e., mainly sugars and fructosans. 

In the case of Cynodon rhizomes satisfactory recovery was obtained with 
amounts of air-dry material ranging from 75 to 150 mg. per digest (table 
III). Percentage glucose values resulting from these digests agreed well 
within the limits of experimental error, and averaged 17.8% on the air-dry 
basis. Higher amounts of substrate gave low values; the relatively low 
value obtained with 50 mg. material per digest is probably due to an analyti- 
eal error resulting from the use of such a small sample. The highest sample 
weight with which satisfactory carbohydrate recovery could be obtained was 
150 mg. of air-dry material, and the total amount of glucose yielded in this 
digest was 26.7 mg. Hence, carbohydrate recovery was satisfactory if the 
ratio of total available carbohydrate to takadiastase was not appreciably 
smaller than 1:2. Since without the use of takadiastase only 4% of glu- 
«100 = 77.5% of the total avail- 
able carbohydrate was takadiastase-digestible ; i.e., in the form of starch and 
dextrin. 

The mixed grass roots were considerably lower in total available carbo- 
hydrate than were the Cynodon rhizomes and also contained less stareh- 
dextrin in relation to total available carbohydrate, approximately 50% of 
the latter being extracted without the use of takadiastase. It is for these 
reasons that uniform results were yielded over the whole range of sample 
weights used ; 7.e., up to 1,000 mg. of air-dry material. In this digest 55.8 
mg. of glucose were found of which, however, only (55.8 —2 x 14.4) = 27.0 
mg. were takadiastase-digestible carbohydrate, so that the actual substrate- 
enzyme ratio was still nearly 1: 2. 

For ordinary purposes it will usually be sufficient to conduct pre- 
liminary tests with two or three different sample weights. Even the result 
of a single determination can be accepted as reliable if the amount of total 
available carbohydrate found per digest is not appreciably greater than half 
the amount of takadiastase used. 


cose was found, it is evident that 
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COMPARISON OF METHODS 


To test the reliability of the new method, 24 samples of shoots, roots, and 
rhizomes of grasses were analyzed by the new procedure as well as by one 
of the usual methods of carbohydrate fractionation. For the latter method 
sugars were extracted from the air-dry, killed material with 95% alcohol; 
fructosans and dextrins with cold water. For the determination of starch, 
saliva digestion and subsequent acid hydrolysis were used. Details of these 
methods and percentages of the individual carbohydrates of these materials 
have been published elsewhere (13). In order to compare the results with 
those of the total available carbohydrate determination by the new method, 
the combined percentages of sugars, fructosans, dextrins, and starch have 
been calculated as glucose, and are given together with an indication of the 
form of the principal carbohydrate(s) in each species (table IV). 


TABLE IV 
RESULTS OF CARBOHYDRATE DETERMINATIONS ON GRASSES 
TOTAL AVAILABLE 
PRINCIPAL CARBOM UNFERMENT- 
SPECIES amo FRACTION- TAKADIA- ABLE 
HYDRATE (8) ATION STASE RESIDUE 
METHOD METHOD 
SHOOTS 
% % 
Brachiaria serrata NRS 2.42 3.14 0.00 
Hyparrhenia hirta NRS 3.14 4.30 0.27 
Themeda triandra Ss 4.19 5.16 0.05 
Trachypogon plumosus ...... NRS 2.50 4.00 0.57 
Roots 
Agrostis F 3.57 4.05 0.00 
Arrhenatherum elatius ..... F 4.16 4.56 0.08 
Brachiaria serrata .............. NRS 6.59 7.06 0.07 
Cynodon dactylon ................ ST, NRS 3.99 4.76 0.00 
Digitaria trichol. .................. NRS 7.37 8.26 0.07 
Elyonurus argenteus ......... SS] 8.97 9.62 0.57 
Eragrostis chalcantha ..... NRS 2.90 3.74 0.03 
Harpechlod NRS, ST 4.48 4.91 0.00 
LOGWM F 3.94 4.75 0.11 
Microchloa caffra. .................. NRS 2.07 2.77 0.07 
Monocymbium ceres. ......... NRS 4.88 5.54 0.06 
Pennisetum clandest. ......... 8, F 14.08 16.10 0.00 
Phalaris arundinacea ......... F, NRS 5.58 6.47 0.00 
Trachypogon plumosus ... NRS 4.00 4.95 0.09 
Tristachya hispida ............. ST, NRS 10.66 11.29 0.09 
RHIZOMES 
AGrOstis FENWIS F 19.49 20.75 0.00 
Cynodon dactylon ................. ST, NRS 18.12 19.80 0.09 
Digitaria trichol. ................ NRS, ST 1.98 3.14 0.04 
Pennisetum clandest. ........ 8, ST 14.10 15.42 0.00 
Phalaris arundinacea ........ F 36.89 38.85 0.00 


* Abbreviations: F = fructosans; NRS = non-reducing sugars; 8 = sugars; ST = starch. 
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A comparison of the fractionation results with those of the takadiastase 
method shows that the latter produced higher results than the former in all 
materials. Loomis and SuHuuu (5) pointed out that takadiastase may hydro- 
lyze materials other than carbohydrates and that high values may result 
from the production of reducing non-sugar substances. The proportion of 
these can be roughly estimated by fermentation, which will remove hexose 
sugars from such mixtures. 

All the final extracts from the takadiastase digests (including blanks) 
were subjected to rapid fermentation by baker’s yeast, essentially according 
to the procedure proposed by Yemm (14). A 20-ml. aliquot of the neutral- 
ized hydrolysate and 5 ml. of a 10% suspension of washed baker’s yeast 
were mixed in a large test tube. The mixture was incubated for four hours 
at approximately 35° C., a steady stream of air being drawn through. The 
yeast was then separated from the solution by centrifuging. From the 
reducing power of the solution the unfermentable residue value of the ex- 
tract was calculated, making the necessary corrections for blank values and 
dilutions. Preliminary fermentation tests with pure sugar solutions which 
had been subjected to the same clearing and hydrolysis treatments as the 
plant digests indicated that complete or almost complete removal of sugars 
could be attained by this procedure (table II). It is of particular interest 
to note that neither the use of thymol (introduced with the buffer solution) 
nor that of lead acetate for clearing inhibited the fermentation. 

In most of the final extracts of the plant digests mere traces of unfer- 
mentable reducing substances were present (table IV). Only one instance 
was found where unfermentable reducing substances could possibly account 
for the higher carbohydrate value of the new procedure as compared with 
that of the orthodox method (roots of Elyonurus argenteus). In this mate- 
rial, however, the result obtained with the takadiastase method exceeded the 
fractionation result by only 7%. It would thus appear that the higher 
values yielded by the new method are, in general, due to fermentable sugars. 
The low figures for the unfermentable residues exclude particularly the pos- 
sibility that any appreciable amounts of hemicelluloses were broken down 
by the takadiastase, since this would have resulted in the production of un- 
fermentable pentoses. The high carbohydrate values yielded by the taka- 
diastase method must, therefore, be due to the hydrolysis of carbohydrate 
groups such as occur in glucosides, proteins, pectic substances, and other 
colloidal materials. There seems to be no @ priori reason why such earbo- 
hydrate groups, though not determined by the more commonly employed 
procedures, should not be included in the fraction of physiologically avail- 
able carbohydrates in the plant body. 

The correlation coefficient for the results of the fractionation and the 
takadiastase method, as computed from the 24 pairs of determinations, is 
+ 0.9990, indicating a positive correlation of very high significance. 

That differences in the total available carbohydrate content brought 
about by physiological conditions can also be ascertained by the new pro- 


d 
e 
d 
e 
h 


288 PLANT PHYSIOLOGY 


eedure is shown by the following series. Roots of Tristachya hispida which 
had been harvested from the plots of an experiment subjected to different 
clipping treatments for two seasons were analyzed (table V). 


TABLE V 


EFFECT OF DEFOLIATED INTENSITY ON CARBOHYDRATE CONTENT OF Tristachya hispida 
ROOTS 


CUTS PER SEASON COMBINED SUGARS-DEXTRIN- Terat, 
STARCH AS GLUCOSE* 
(TAKADIASTASE METHOD) 
%o % 
1 12.97 13.93 
2 11.15 12.60 
+ 8.60 8.37 
9 1.57 1.49 
16 0.95 0.97 


* Sugars extracted with 80% alcohol; dextrin-starch determined on residue by saliva 
digestion and subsequent acid hydrolysis; fructosans absent in appreciable quantities. 


Two series of experiments to assess the reproducibility of the new method 
were carried out. Ten determinations were done on a sample of mixed 
grass root material at intervals of several weeks, extending in all over half 
a year, thus necessitating the frequent use of separately prepared solutions 
of dialyzed takadiastase. The results are summarized, as follows: 

Mean: 7.41% total available carbohydrate 


Standard Error: + 0.05% 
Standard Deviation: + 0.14% 
Variability Coefficient: + 1.89% 


For the second test duplicate determinations were carried out on 12 
samples of roots and rhizomes of grasses, the total available carbohydrate 
content of which ranged from 2% to 20%. Results of nine of the twelve 
duplicate determinations agreed within 0.25% total available carbohydrate. 
The standard deviation was + 0.15% total available carbohydrate, and the 
coefficient of variability + 1.80% (caleulated from the deviations of the 
single tests from their respective means). These two figures agree remark- 
ably well with those of the first series. The data indicate that results of the 
new method can generally be reproduced to within 5%, which is sufficiently 
accurate for ordinary biological purposes. 


Summary 


A new method of estimating the total available carbohydrate content of 
plant material in a single determination is described. 

Small samples of finely ground, air-dry material are digested by taka- 
diastase under conditions resulting in the breakdown of starch, dextrins, 
and maltose to glucose, while other sugars and fructosans are extracted at 
the same time. After clarification of the digest the latter compounds are 


t 
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converted to hexose sugars by acid hydrolysis, following which the reducing 
power of the neutralized hydrolysate is determined. 

Results obtained with the new method were higher than the combined 
amounts of sugars, fructosans, dextrins, and starch, when determined sepa- 
rately and caleulated as glucose. The reducing power of the digests was, 
however, almost completely due to fermentable sugars, the higher values 
obtained by the new procedure apparently resulting from the hydrolysis of 
carbohydrate groups not included in the more commonly employed methods 
of carbohydrate fractionation. Furthermore, the results of the total avail- 
able carbohydrate determination showed a positive correlation of very high 
significance with those of the fractionation method. 

The new procedure is simple and suitable for large-scale routine analysis ; 
results can, in general, be reproduced to well within 5%. 
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A root rot disease is the most important factor limiting commercial pro- 
duction of vanilla [Vanilla fragrans (Salisb.) Ames] in Puerto Rico. <Ac- 
cording to a survey of growers in 1945 (1), the disease was responsible for 
40% to 50% death of vines. In 1927 the causal organism was identified as 
Fusarium batatatis var. vanillae, Tucker (5). The disease usually becomes 
more pronounced during the third or fourth year when the first heavy crop 
of beans is developing. Dry weather, and possibly some mineral deficiency, 


_ appear to aggravate the disease, particularly if mulch and shade are in- 


adequate. 

The purpose of the work reported here was to determine the effect of 
mineral deficiencies on the growth and composition of the vanilla plant, espe- 
cially the effects on root growth, with a view to applying this information 
in the study of the root rot problem. 


Materials and methods 


The experiment was initiated in March, 1945 in a lime-coated greenhouse 
admitting about 50% sunlight. The vanilla plants were grown in 5-gallon, 
glazed-stone crocks containing thoroughly washed and sifted pea-size creek - 
gravel (fig. 1). Two plants in each crock were established from 6-node eut- 
tings of about equal vigor and girth. Each crock was equipped with a 
1-inch hole at the bottom for drainage. Nutrient solutions were forced into 
the crocks once daily by a system of iron pipes, rubber and glass tubing, and 
a compressed-air electric pump, similar to the system described by K1pLinGER 
and Laurie (3). The vanilla plants were trained on a bamboo lattice. 
Cured bamboo is hard and relatively inert, making it difficult for the vanilla 
to obtain nutrients through the attached aerial roots. 

The full nutrient and deficiency solutions of nitrogen, phosphorus, and 
potassium were prepared according to HoaGLANp and ARNON (2) and re- 
newed once every 2 weeks. Each treatment consisted of three replicates 
with two plants per replicate. Solution in the bottles was brought to the 
initial level once a day by additions of distilled water. The pH of all solu- 
tions was maintained at 6.0 by additions of weak solutions of either sulfurie 
acid or sodium hydroxide twice a week. 

On May 6, 1946 the experiment was terminated and growth measure- 
ments, fresh and dry weight of the plants, and mineral composition of the 
leaves were determined. 
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Fie. 1. Relative amount of growth of vanilla, left to right, of plants growing in 
Soller mulch with distilled water, in creek gravel supplied with minus-nitrogen, full nutri- 
ent, and minus-phosphorus solutions. 


Mineral deficiency symptoms in vanilla 
NITROGEN DEFICIENCY 


A deficiency of nitrogen in the nutrient solution had the greatest effect 
on vanilla growth. As shown in table I, the fresh and dry weights of these 
plants were the lowest as compared with those of plants deficient in potas- 
sium or phosphorus. Shoot growth was 64% less than that of plants re- 
ceiving a full nutrient solution. Aerial root development was the poorest 
of all treatments. Figure 2 shows the relative girth and leaf area of the 
nitrogen-deficient plants. 

Symptoms of nitrogen deficiency were the first to develop, appearing 
within about 3 weeks after the treatment was initiated. The leaves remained 
small and developed a yellowish green color. Although shoot growth was 
greatly retarded the plants as a whole showed no death of tissues. The root 
system, although light yellow in color and relatively sparse, appeared healthy 
(fig. 3). Most of the large roots in the gravel consisted mainly of aerial 
roots from the original cutting which developed on the surface of the gravel 
adjacent to the walls of the stone crocks. 

Nitrogen deficiency symptoms differ from so-called sunburn injury in 
the field by having an overall yellowish color on all the leaves whereas in the 
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ease of sunburn only those leaves exposed to the direct rays of the sun show 
different degrees of yellowing. 


PHOSPHORUS DEFICIENCY 


In amount of growth, plants deficient in phosphorus were only slightly 
better than those deficient in nitrogen. Symptoms of phosphorus deficiency 
became evident about 3 months after the treatment was started. First indi- 
cations of low phosphorus were a reduction in growth and a fading of green 
in the leaves. The leaves eventually assumed an ash-green color, with some 
yellow appearing before they became necrotic at the margins and tips, as 
shown in figure 3a. Many of these leaves shriveled, turned light brown, 
dried, and remained on the plant until the end of the experiment. Aerial 
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t Fie. 2, Relative stem girth and leaf area of vanilla as affected by nutrient defi- 
ciencies. 


. root development was poor, but slightly better than that obtained with 

. nitrogen-deficient plants. 

Of particular interest in connection with the phosphorus-deficient plants 

is the fact that the root systems were very sparse and showed considerable 
dying (fig. 3a). The roots, stems, and leaves, in fact, closely resembled 
vanilla plants dying of root rot in the field. It is well known that Catalina 
soil, an extensive soil type in Puerto Rico, is low in phosphorus (4). Results 
obtained in this controlled experiment would indicate that more considera- 
tion should be given to supplying phosphorus to commercial vanilla, either 
directly to the roots as a chemical fertilizer or in the form of mulch obtained 
from land which has been fertilized with phosphorus. 


POTASSIUM DEFICIENCY 


Symptoms of potassium deficiency became apparent several weeks after 
those of phosphorus deficiency. As shown in table I, the fresh and dry 
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weights were less than those obtained from plants grown in the full nutrient 
solution but more than those obtained with nitrogen and phosphorus-defi- 
cient plants. The small size of the leaves and small stem girth were clear- 


Fie. 3. Root systems of Vanilla fragrans Ames as affected by nutrient deficiencies 
of (a) phosphorus, (b) nitrogen, and (c) potassium; (d) received full nutrient solution. 


cut symptoms. Also, as indicated in figure 2, the intensity of green was 
greatest in leaves of potassium-deficient plants. There was no marginal and 
tip burning of the leaves. 
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Under soil conditions in Puerto Rico, particularly with the clay types, 
there has been no published evidence of potassium deficiency in plants. 
Small leaves and stem girth and very dark green leaves have been observed 
with plants growing under excessive shade in the field and in the green- 
house. It was assumed, however, that these characteristics were a result of 
excessive shade, although this point should be checked further. 


Low CALCIUM 


Another treatment in this experiment included a set of plants receiving 
a solution deficient in calcium. It is evident from table I that the overall 
growth of these plants was as good as those receiving full nutrient solution. 
It was ascertained after the experiment had been in progress for several 
months that this was apparently due to a few limestone pebbles in the creek 
gravel, although no trace of calcium could be found in the nutrient solution 


TABLE II 


MINERAL COMPOSITION BASED ON OVEN DRY WEIGHT OF LEAVES FROM VANILLA GROWN IN THE 
GREENHOUSE UNDER DIFFERENT NUTRITIONAL CONDITIONS 


TREATMENT ASH N P | K Ca Mg 
Jo % %o Yo %o % 

Full nutrient .......................... 14.65 1.95 0.29 3.90 2.42 1.75 
Minus K 14.15 2.28 0.34 | 0.79 4.07 2.52 
Minus P 13.63 1.61 0.15 | 3.67 1.97 1,98 
Minus N 17.59 0.58 0.37 | 4.30 3.36 2.58 
Low Ca 15.31 1.63 0.32 | 3.77 1.92 2.47 
Catalina muleh oo... 15.96 2.21 0.38 | 3.61 2.50 2.25 
Soller muleh .0.00000.0. 15.34 1.84 0.28 | 2.86 3.65 1.74 
15.63 1.98 0.54 | 3.98 2.09 2.69 


after it had been pumped to the gravel for a period of 2 weeks. Table II 
shows that the calcium content of these vanilla leaves was relatively low; 
in fact, one-half the amount present in leaves of plants grown in Soller 
mulch. This would indicate that vanilla can grow satisfactorily at least 
for the first year, on a relatively low calcium supply. 


PLANTS GROWN IN MULCH 


Vanilla plants were grown in three types of mulch and distilled water 
as a supplemental study to the above experiment. From figure 4 and table 
I, it is apparent that the best growth was made under these conditions. 
Although top and root growth was definitely better for plants grown in 
Soller mulch, the difference was not significant. In field experiments and in 
commercial vanilleries, plants growing in Soller mulch have been generally 
better than those growing in Catalina mulch. The mineral composition of 
plants grown in Soller mulch (table II), does not show a marked difference 
in quality, except in calcium content, from that of plants grown in mulch 
obtained from Catalina soils. The plants grown in Toa mulch, on the other 
hand, were relatively high in ash and in all analyzed elements except calcium. 
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This was probably due to the fact that many previous fertilizer applications 
had been made to the soil from which this mulch was obtained. 

Since vanilla apparently can obtain the necessary elements from mulch 
alone, the above data further emphasize the soundness of the standard recom- 
mendation in Puerto Rico to apply and maintain a heavy mulch around the 
vanilla roots. 

MINERAL COMPOSITION OF VANILLA LEAVES 


The data in table II show that the ash and potassium content of nitrogen- 
deficient plants was higher than that of plants in other treatments. Since 
nitrogen deficiency had such a retarding effect on growth and production 
of dry matter, it is not surprising to find high levels of minerals in these 
plants. It is of interest to note that although the nitrogen content of the 


Fie. 4. Root development of vanilla grown in mulch obtained from (a) Toa, (b) ; 
Catalina, and (c) Soller soils. Compare with figure 3. 


leaves was less than one-third that in the full nutrient plants (0.58% ), the 
vines were still alive. 

The interesting feature of the mineral composition of the low-phosphorus 
plant was the fact that the nitrogen and calcium contents were also rela- 
tively low. Apparently phosphorus is required for the normal absorption, 
and, possibly the utilization, of nitrogen and calcium by the vanilla plant. 
Phosphorus in the phosphorus-deficient plant was about one-half that in the 
full nutrient plant. 

Potassium deficiency resulted in abnormally high calcium, nitrogen, and 
magnesium content. Lack of potassium in the nutrient medium apparently 
favors the absorption of these elements. Although the percentage of potas- 
sium in the leaves was only about one-fifth (0.79%) that of the full nutrient 
plant, the effect of potassium deficiency on dry weight was relatively small 
as compared with the effect of nitrogen and phosphorus deficiencies on dry 
weight (table I). The amount of phosphorus in the potassium-deficient 
plants was about normal (table IT). 
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Calcium deficiency was somewhat similar to that of phosphorus in its 
effect on the nitrogen and potassium content of the leaves. In both phos- 
phorus- and ealcium-deficient plants the nitrogen content was relatively low 
while the potassium content was about normal. Magnesium was somewhiat 
high and phosphorus about normal in calcium-deficient plants. 

Although the calcium content of calcium-deficient plants was low, it ap- 
parently was not below the critical level. 

In general the levels of minerals in leaves (table II) from the plants 
growing in the three types of mulch (table III) were as high and in most 
eases higher than those in plants supplied with a complete nutrient solution. 
Although distilled water was supplied to the mulch medium, it is evident 
that sufficient mineral elements were leached from the mulches to supply 


TABLE III 


MINERAL ANALYSIS OF MULCH USED IN GREENHOUSE VANILLA EXPERIMENT (OVEN-DRY BASIS) 


SoIL FROM WHICH MULCH 
WAS OBTAINED ASH N P K Ca Mg 
% % % % % % 
Catalina 10.5 1.51 0.15 1.74 0.84 0.19 
Toa 25.1 1.63 0.30 2.74 1.00 0.35 
Soller 14.5 1.10 0.13 1.47 1.20 0.16 


the needs of the vanilla plants. The fact, also, that the best growth was 
obtained with plants growing in mulch indicates that some factor or factors 
other than those studied may be involved. 


Summary 

1. A study was made of the effect of deficiencies of nitrogen, phosphorus, 
and potassium on root and top growth of vanilla. 

2. A deficiency of phosphorus resulted in poor growth and dying of the 
roots and tops of vanilla. The symptoms resembled closely those frequently 
seen in the field on plants dying of the so-called ‘‘root rot’’ disease. 

3. Nitrogen and potassium deficiency resulted in poor growth of the tops 
and roots but there was little or no death of tissues under the conditions of 
this experiment. 

4. Good root and top development was obtained with plants growing 
only in mulch that was irrigated with distilled water. This indicates that 
vanilla can obtain the necessary minerals from mulch alone, and that the 
standard recommendation of heavy mulching in vanilleries is sound. 
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THE EFFECT OF INDOLE-3-ACETIC ACID IN THE DIASTASE 
CHARCOAL MODEL SYSTEM? 
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AND ELMER ST0TzZz 


(WITH THREE FIGURES) 
Received December 14, 1946 


A mechanism of auxin action was proposed by Eystrer (3, 4) similar 
to the classical adsorption theory of narcotic action of TrauBe and War- 
BuRG (2). It was based on the action of synthetic auxins in a model system 
composed of charcoal as a representative colloid, and diastase and starch as 
representative plant enzyme and substrate. Recent evidence (1, 5, 6, 7) 
that starch mobilization is one of the characteristic responses to auxin 
stimulation makes this proposal of increased interest and its substantiation 
even more urgent. 

EYSTER’s experiments are subject to several criticisms which are con- 
sidered later, but his proposal is worthy of further examination. His con- 
clusions were that auxins have two types of action in the model system, and 
presumably also in plant tissues: ‘‘. . . phase I, release of enzyme in whole 
or in part from charcoal; and phase II, effect on enzyme action proper’’ 
(4). He argued that in ‘‘phase I’’ the release of diastase or other enzyme 
from the inactive bound condition by auxins was the cause of growth-pro- 
moting effects and that in ‘‘phase II’’ inactivation of free diastase or other 
enzyme was the cause of growth-inhibiting effects. 

The object of the present work was to reinvestigate EysTer’s observa- 
tions on the diastase-charcoal model system using somewhat different and 
more rigorous experimental conditions. The effect of three types of inter- 
actions of auxin, charcoal, diastase, and starch on diastatie activity wa% 
investigated: (1) auxin on free diastase, (2) competitive adsorption of 
auxin and diastase on charcoal, and (3) the interaction of all four com- 
ponents. 

Methods and materials 


Diastatic activity was measured by saccharification rates using a re- 
duced seale modification of ReprerN and JoHNSTON’s alkaline ferricyanide 
technique (8). This method gives a more accurate and sensitive determina- 
tion of diastase activity than is possible by starch-iodine color methods 
such as Eyster’s. The charcoal (Norite A), diastase (Merck, medicinal 
U.S.P. TX), and auxin (indole-3-acetic acid, Eastman) were the same as 
used by Eyster and the starch was Merck’s soluble starch (according to 
Lintner, special for diastatic power determination). The present work was 
restricted to indole-3-acetic acid as a typical auxin, and for the sake of 


1 Journal Paper no. 690, New York Agricultural Experiment Station, Geneva, N. Y., 
Dee. 9, 1946. 
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brevity it will be referred to as ‘‘IAA.’’ All incubations and hydrolyses 
were carried out at 30° + 0.2° C., and all systems containing charcoal were 
shaken continuously at rates sufficient to keep the charcoal evenly sus- 
pended. In the first and third types of system, hydrolyses were run in 
phosphate buffers while in the second type they were run at pH 5 in the 
standard acetate-buffered starch solutions of the Reprern and JOHNSTON 
technique (8). In all cases, however, 0.5% starch was used and in most 
eases 0.01% diastase as in Eyster’s work. Amounts of charcoal were 
adjusted to the requirements of each system. 

Eyster recognized the influence of pH on diatase activity but pre- 
ferred not to buffer his systems ‘‘. . . because buffer salts are not neutral 
in their effects on enzyme action’’ (4). Furthermore, it is not clear why 


TABLE I 
THE EFFECT OF INDOLE-3-ACETIC ACID ON ACTIVITY OF FREE DIASTASE 
INDOLE-3-ACETIC ACID CONCENTRATION DIASTASE ACTIVITY 
p.p.m. mg.* 
pH 8: 
0 1.25 
50 1.35 
50 1.35 
0 4.5 
50 5.5 
50 §.3 
pH 6: 
0 5.3 
50 5.3 
50 5.3 
0 §.2 
50 5.4 
50 5.3 


* Maltose per m.nute. 


he chose a pH of 8.2 at which malt diastase has only a small fraction of 
the activity at its optimum pH and which is outside the physiological range 
of most plant tissues. To insure adequate pH control and to more closely 
approximate physiological conditions in the present work, therefore, all 
solutions unless otherwise stated were buffered with 0.025 M phosphate and 
experiments were run at both pH 8 and pH 6. Specific conditions of the 
several types of experiments are given with the results where necessary. 


Results 


The effect of IAA on free diastase was measured by incubating the 
enzyme and 50 p.p.m. IAA for 20 minutes before adding the starch substrate. 
Tn no case at either pH 6 or pH 8 was any inhibiting effect observed, though 
at the latter pH results were more erratic in general and often showed signifi- 
cantly increased rates in the auxin treatments. Typical results are given 
(table I). 
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Three types of experiments were run which involved the competitive 
adsorption of IAA and diastase on charcoal. The purpose of these was to 
determine whether IAA in any way affected the amount of diastase adsorbed 
on charcoal at equilibrium or the rate of reaching equilibrium. The first 
type tested the effect of IAA on previously adsorbed diastase, EysTEr’s 
‘phase I.’’ Amounts of diastase sufficient to saturate the charcoal were 
adsorbed by shaking for various lengths of time in buffers at pH 8 and 
pH 6. The diastase-charcoal adsorbate was separated by centrifuging, re- 
suspended in the same buffer or buffer plus 50 p.p.m. IAA, and shaken for 
periods ranging from 20 minutes to 4 hours. The charcoal was then re- 
moved by filtration, the supernatant adjusted to pH 5, buffered starch 


TABLE II 


THE EFFECT OF INDOLE-3-ACETIC ACID IN BLOCKING THE ADSORPTION OF 
DIASTASE ON CHARCOAL 


INDOLE-3-ACETIC 


* 
ACID CONCENTRATION DIASTASE ACTIVITY BLOCKING 


p.p.m. mg.t % 


0.20 3 
0.10 as 
1.42 5 
1.55 8 
1.20 1. 
1.60 8 


pH 8: 


pH 6: 
0.35 
0.23 0 
0.50 2 
0.17 0 
0.25 0 
0.10 
0.40 4 


* Blocking percentage was caleulated by dividing difference in rates of charcoal 
systems with and without indole-3-acetie acid by difference in rates of control without 
charcoal and charcoal system without indole-3-acetie acid. 

+t Maltose per minute. 


added, and the diastatic activity determined. In no case at either pH 8 
or pH 6, with one possible exception, was there any greater diastastie activ- 
ity in the IAA treatment than in the control. The level of activity was 
negligible in most cases or when measurable was probably due to small 
amounts of supernatant fluid wetting the charcoal in the first centrifugation. 
The amount of adsorbed diastase estimated by difference from that in the 
first supernatant fluid was such that a small percentage released could easily 
have been measured in the final supernatant fluid. 

Since IAA seemed to cause no significant release of charcoal-bound 
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diastase, a search was made for evidence that it blocked or decreased the 
rate of diastase adsorption. Two types of experiments were carried out. 
In the first or blocking type, amounts of charcoal not quite sufficient to 
adsorb all the diastase were incubated with 50 p.p.m. or 200 p.p.m. of IAA 
at pH 8 or pH 6. The time required for adsorption of the IAA was deter- 
mined by the disappearance of the 280 my» indole band using a Beckman 
ultra-violet spectrophotometer. Diastase was then added, the mixture 
again incubated for a definite period, and the charcoal removed by ecentri- 
fuging. The pH was adjusted to pH 5, starch added, and the diastase 
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Fig. 1. The effect of indole-3-acetic acid on the rate of adsorption of diastase on 
chareoal at pH 8 (70 mg. charcoal in 80 ml. of 0.02% diastase and 0.025 M phosphate 
buffer). 


activity determined, Results of representative experiments are given 
(table II). In no case, except a few in which the rate curves were erratic, 
was any large effect observed. At pH 8 there may have been significant 
blocking at 200 p.p.m. in a few eases. 

In the second type the effect of IAA on the rate of diastase adsorption 
was measured as follows. A slight excess of diastase was added to aliquots 
of buffered charcoal suspension previously equilibrated with or without 50 
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p.p.m IAA. Samples were withdrawn at intervals and added to the starch 
substrate. Hydrolyses were stopped after five minutes by transferring 
aliquots to the Na.CO, part of the alkaline ferricyanide reagent. The sus- 
pension was then filtered into the ferricyanide part and the reducing power 
determined as usual. Results of several trials at pH 8 and pH 6 indicated 
a slight decrease of the adsorption rate in the presence of auxin in most 
eases. Typical curves are shown (figs. 1, 2). The effects, however, were 
probably within the experimental error of control curves which were not 
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Fig. 2. The effect of indole-3-acetic acid on the rate of adsorption of diastase on 
chareoal at pH 6 (50 mg. charcoal in 80 ml. of diastase, curves A 0.01% and curves B 
0.02%, and 0.025 M phosphate buffer). 


highly reproducible. At any rate, there was no blocking effect sufficiently 
striking to encourage further investigation on the competitive adsorption 
of IAA and diastase on charcoal as a model physiological mechanism. 

One further type of experiment was conducted which was similar to the 
one on which Eyster seemed principally te have based his hypothesis. All 
components of the system were added in quick succession, the diastase last, 
and the diastatic activity determined at intervals. The general behavior 
is illustrated (fig. 3). Initial rates of the charcoal system both with and 


SMITH ET AL.: INDOLE-3-ACETIC ACID AND DIASTASE 305 


without IAA were the same as the control without charcoal, They soon, 
dropped, however, becoming negligible as the diastase was withdrawn from 
the hydrolyzing mixture by the charcoal. In no case did the presence of 
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Fic. 3. The effect of interaction of indole-3-acetic acid, charcoal, diastase, and 
starch on diastase activity (40 mg. charcoal in 40 ml. of 0.01% disatase, 50 p.p.m, indole- 
3-acetic acid, and 0.025 M phosphate buffer at pH 6.0). 


IAA significantly change the picture at either pH 8 or pH 6 though the 
curves at the former pH were as usual more erratic. 
Discussion 


Tn this investigation of Eyster’s hypothesis no effort was made to repeat 
his experiments exactly, first, because his methods did not lend themselves 
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to quantitative interpretation and, second, because the work was not re- 
ported in sufficient detail. The present results, therefore, cannot always be 
compared directly with 

Concerning ‘‘phase II’’ no evidence was found for inhibitory action of 
IAA at 50 p.p.m. on free diastase. EystTer’s own evidence for inhibition 
was not clear cut; the earlier report (3) [compare also SmiruH, (9)] was 
apparently based on work without pH control and the later evidence (4) 
seemed to consist largely of interpretations of the relative shapes of hydrol- 
ysis rate curves which depended upon a number of other factors as well. 
Auxins may, of course, have inhibitory action on other enzymes or even 
on diastase under other conditions, but the present evidence hardly pro- 
vides a basis for explaining the growth-inhibiting action of auxins. 

EystTer, on the other hand, suggests that the growth-promoting action 
of auxins is due to the release of diastase or other enzyme from a bound 
form as demonstrated with the charcoal model. In the present work no 
evidence was found for release of charcoal-bound diastase during periods 
from 20 minutes to 4 hours. EvysTer’s systems were allowed to stand longer 
periods of time but apparently were not shaken to insure adequate mixing, 
and no quantitative results were given. Two other types of experiments 
on the effect of LAA on diastase adsorption had no parallel in Eyster’s work. 
They provided evidence from another point of view that LAA has little if 
any effect on diastase adsorption on charcoal. The last type in which all 
components interacted together, likewise, showed no evidence of auxin effect. 
The proposal of Eyster that auxins may influence growth by controlling 
the adsorption of enzymes was of sufficient interest to initiate the experi- 
ments reported, but no substantial support of this hypothesis was realized, 
at least insofar as the diastase-charcoal model system is concerned. 


Summary 


A reinvestigation of the action of indole-3-acetic acid in Eyster’s dia- 
stase-charcoal model system was made under more rigorous experimental 
conditions. No convincing evidence was found that indole-3-acetie acid 
either inhibited free diastase directly or markedly altered the adsorption 
equilibrium of diatase on charcoal. 
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INFLUENCE OF PHOSPHATE ON STABILITY OF 
CRUDE PENICILLIN 


ROBERTSON PRATT 


(WITH THREE FIGURES) 
Received October 8, 1946 


Fermentation studies on Penicillium notatum in surface cultures sug- 
gested that a corre!ation, independent of buffer action, exists between the 
concentration of KH,PO, initially present in the culture medium and the 
maintenance of a relatively high degree of antibacterial activity in the crude 
penicillin (8). The term ‘‘penicillin’’ is used here in its original sense as 
defined by FLEMING (6) to designate the mold-free filtrate obtained from 
cultures of Penicillium sp. This problem has been investigated further and 
is the subject of the present report. 

The instability of penicillin in aqueous solutions, especially in certain 
PH ranges, is well recognized. It was shown in 1942 that maximum stability 
occurs between pH 5.5 and pH 7.5 (2), and more recently a thorough study 
of the stability of pure and partially purified penicillins in aqueous solutions 
at different temperatures and at different hydrion concentrations has been 
published by the Northern Regional Research Laboratory (38). 

Concerning unpurified crude penicillin, using the term in Fleming’s 
original sense, it was observed (1) that maximum titres were found in the 
medium when the pH was about 7.0. Subsequently, attempts were made to 
maintain a favorable pH in the fermentation medium by use of suitable 
phosphate buffers (5) after it had been suggested that penicillin in erude 
fermentation liquors may be rapidly destroyed by the biological production 
of excess acidity (4). 

Early experiments in this laboratory suggested, however, that suitable 
mixtures of inorganic phosphates might exert a stabilizing effect independ- 
ent of buffer action on crude penicillin, and soon after the present experi- 
ments were begun, it was suggested that a similar effect might be observed 
in partially purified preparations (10). 


Materials and methods 


Three series of nutrient solutions were prepared containing KH,P0,, 
MgSO,.7H.0, and NaNO, in different proportions but all with a total molar 
concentration of these three salts of 0.04 M. Solutions used for surface cul- 
tures contained in addition lactose, 0.111 M (40 gm./l.); corn steep liquor 
solids, 40 gm./l. ;} and ZnSO,.7H,O, 0.00015 M (0.044 gm./l.). Those used 
for submerged fermentations in shaken cultures (9) contained in addition 
to the salts, lactose, 0.083 M (30 gm./l.), and corn steep liquor solids, 20 
gm./1.* 

1 Corn Products Company’s ‘‘ Argo MVE16’’ and Clinton Company’s steep liquor 
were used in different experiments. Similar results were obtained with both products. 
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In each series the concentration of KH,.PO, covered a relatively wide 
range. Since the initial total molarity of the solutions was constant, i.e., 
0.04 M, the initial concentration of MgSO, or of NaNO, (or both) changed 
as the concentration of KH,PO, was increased or decreased. In one group 
MgSO, was held constant at a low level while the concentration of NaNO; 
varied; in the second series NaNO, was held at a low level while MgSO, 
varied; and in the third lot both MgSO, and NaNO, were furnished in 
approximately equal concentrations in each culture, but both varied from 
one culture to the next (table I). Detailed discussion of the suitability of 
these and other solutions for supporting biosynthesis of penicillin has been 
published elsewhere (8, 9). 

TABLE I 


COMBINATIONS OF NUTRIENTS USED IN CULTURE MEDIA EACH WITH INITIAL TOTAL 
SOLUTE CONCENTRATION OF 0.04 M 


MILLIMOLES/LITER 
SoLuTION No. 
KH,PO, MgSO, NaNO, 
Series I 
2 36 2 2 
6 27 2 11 
17 19 2 19 
54 2 2 36 
Series II 
2 36 2 2 
9 27 11 2 
18 19 19 2 
40 8 28 4 
Series IIT 
2 36 2 2 
37 8 16 16 
58 1 18 21 


Surface and submerged cultures were inoculated and incubated as previ- 
ously described (8, 9). The crude penicillin was harvested aseptically on 
the seventh day and aliquots were placed immediately in an incubator at 
37° C. Each filtrate was assayed daily by the standard cylinder plate 
method (using Staphylococcus aureus, NRRL 313 [F.D.A. strain 209P] as 
the test organism) until the potency had fallen to less than 10% of the value 
at the time of harvest. 

Results 


The experiments have been repeated several times, always with similar 
results. Averaged data from six experiments with surface cultures are 
shown (fig.1). The percentage of initial potency remaining in each filtrate 
is plotted against the days of storage at 37° C. The upper set of curves is 
for series I in which the initial concentration of MgSO,.7H.O was 0.002 M 
and that of NaNO, varied from 2 millimoles/1. to 36 millimoles/l. The center 
set is for series II in which the initial concentration of NaNO, was 0.002 M 
(0.004 M in one solution) and MgSO,.7H.O ranged from 2 millimoles/]. to 
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28 millimoles/l. The lower set is for series III in which MgSO,.7H.O and 
NaNO, both varied from one solution to the next but were of approximately 
equal concentration in any given culture. For convenience, the sets of 
curves have been overlapped somewhat and to avoid confusion numerical 
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Fig. 1. Influence of initial concentration of KH,PO, in culture medium on mainte- 
nance of antibacterial activity in crude penicillin stored at 37° C. Upper set of curves 
for series I, center set for series II, and lower set for series III. (See text for further 
explanation.) Inset: time required for loss of 50% initial potency as a function of 
concentration of KH,PO, initially in medium. 


values less than 25% have not been printed on the vertical axis. The inset 
shows the time required for loss of 50% of the initial antibacterial potency 
of the filtrates as a function of the initial concentration of KH,PO, in the 
culture medium. 
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Figure 2 shows similar data for crude penicillin from submerged shaken 
cultures with Penicillium chrysogenum X-1612 and P. chrysogenum NRRL 
1984—A cultured as described previously (9). The curve for surface cul- 
tures (see inset, fig. 1) is included in this figure for comparison. 

In another similar set of experiments with surface cultures phenylacetic 
acid (0.25 gm./l.) was added to the culture medium, and in still another set 
p-hydroxy benzoic acid (0.1 gm./l.) was added. Both of these compounds 
increase the yield of penicillin obtained in the crude liquor; it has been sug- 
gested that the increased yield is partly due to formation of a more stable 


T T 
O P. CHRYSOGENUM X/6l2 


eP. * 1984-A 


@ P. NOTATUM 1249-B4 


30 


| 2 
M/1000 PO, 


Fie. 2, Time required at 37° C. for loss of 50% of initial antibacterial poteney in 
erude penicillin from three strains of mold as a function of initial concentration of 
KH,PO, in culture medium. 


form of penicillin, or at least to an increase in the relative concentration of 
such a penicillin in the mixture of antibiotics produced by the cultures. 

In the present experiments, the rate of inactivation of crude penicillin 
from cultures with a given initial concentration of KH,PO, was the same in 
the three sets regardless of the presence or absence of adjuvants. Curves 
to show the loss of antibacterial activity in solutions with high, intermediate, 
and low initial concentrations of KH,PO, in each of the three series are 
shown (fig. 3). These curves are typical of those obtained in every case. 
Within the limits of error of the experiment, the same curve may be used to 
describe the data for any given initial concentration of KH.PO, whether or 
not phenylacetice acid or p-hydroxy benzoic acid was added to the standard 
culture medium. For convenience, the curves have been overlapped and 
numerical values below 100 omitted. The intervals marked off represent 
25%. 
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Results of all the experiments show a strong correlation between initial 
concentration of KH,PO, in the culture medium and the stability at 37° C. 
of the crude penicillin produced therein. The effect was not due to buffer 
action, per se, of the phosphate ion, since the pH of all the cultures was 
within the range 7.2 to 7.5 at the time of harvest and did not change signifi- 
cantly during the period of storage. The average unitage in the harvested 
liquors is shown (table IT). 
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Fie. 3. Influence of initial concentration of KH,PO, and of presence of adjuvants 
in culture medium on maintenance of antibacterial activity in crude penicillin stored at 
37° C. Intervals on abscissa represent 25%. (For molecular composition of solutions 
see text.) 


The same trends are apparent in all the experiments, whether or not 
adjuvants were present and regardless of whether the initial concentration 
of MgSO, varied from low to relatively high values while that of NaNO; was 
uniform, or whether the initial concentration of NaNO; varied while that 
of MgSO, was constant. It seems reasonable to conclude, therefore, that 
the variation in stability of the crude penicillin was independent not only 
of the concentrations of MgSO, and NaNO, but also of the presence or 
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absence of phenylacetic acid or p-hydroxy benzoic acid. In these experi- 
ments the stability appeared to be directly dependent upon the concentra- 
tion of KH.PO, or of phosphate present initially in the medium. 

The mechanism responsible for the protective action of KH.PO, or of 
phosphate on the crude penicillin is not clear at present, but it may well be 
effected through an esterification of part of the molecule similar to that 
reported for a number of other compounds of biological interest (7) and 
a consequent blocking of an enzyme system involved in the processes of 
destruction. 


TABLE II 


OXFORD UNITS/ML. AT TIME OF HARVEST IN CRUDE FILTRATES USED FOR 
STABILITY STUDIES 


SURFACE CULTURES SUBMERGED CULTURES 
SOLUTION 
No. P.notatum P. chrysogenum P. chrysogenum 
1249.B4 X-1612 1984—A 

U/ml.* pH U/ml, pH U/ml. pH 

2 136 7.25 90 7.30 120 7.42 

6 95 7.10 140 7.50 81 7.32 
9 145 7.20 90 7.28 80 7.40 
17 165 7.30 169 7.52 80 7.39 
18 90 7.18 92 7.00 | 93 7.19 
37 153 7.32 182 7.36 | 78 7.32 
40 152 7.26 118 7.40 106 7.41 
54 126 7.28 123 7.33 77 7.33 
58 131 7.42 106 7.41 118 7.42 


* Addition of <__> CH,COOH, 0.25 gm./l., increased the yields 20-25% and addi- 
tion of HO- <__> COOH, 0.1 gm./l., increased yields 15-20%. 

A forthcoming paper in the Journal of the American Pharmaceutical 
Association, Scientific Edition, describes parallel experiments on purified 
penicillin. 

Summary 

A study was made of the stability at 37° C. of crude penicillin from 
several series of cultures with different initial concentrations of KH.PQ,. 
Three strains of mold were used as follows: In surface cultures; Penicillium 
notatum 1294.B4; in submerged cultures, P. chrysogenum X—1612 and P. 
chrysogenum 1984-A. Surface fermentations were carried out on standard 
media with no adjuvants and in the same media with phenylacetic acid or 
p-hydroxy benzoic acid added. Submerged fermentations were in the 
standard medium only. 

In all series of cultures with each strain of mold, the results were simi- 
lar—namely, the rate of loss of initial antibacterial potency varied inversely 
with the concentration of KH.PO, initially present in the culture medium 
and was independent of the concentration of MgSO, and of NaNO. Pres- 
ence of phenylacetic acid or of p-hydroxy benzoic acid in the medium did 
not modify the stability of the crude penicillin. 
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Notable as has been the growth of plant physiology and great as have 
been its contributions to agriculture, horticulture, forestry, and other fields, 
it may be questioned whether it is making as substantial contributions to 
plant science as it can and should make. There is considerable evidence 
that it is not. There are still too few courses in plant physiology offered 
in our colleges and some of those offered are not taught so effectively as 
would be possible and desirable. As a result many professional botanists 
and workers in applied fields of plant science have had little or no training 
in plant physiology. It is particularly unfortunate to find men going into 
agriculture and forestry lacking such training, because without it they can 
never really understand the growth processes of plants. There are also few 
plant physiologists employed in research projects by allied fields. While 
plant physiologists have been widely employed in horticulture for many 
years, few are in agronomy, and until very recently almost none in forestry. 
Many agricultural experiment stations do not even list plant physiologists 
as staff members. Likewise, few plant physiologists have entered industrial 
research. Although industrial laboratories such as those of food-processing 
companies and fertilizer manufacturers employ agronomists, chemists, plant 
pathologists, plant breeders, and soils specialists, they seldom have plant 
physiologists on their staffs. While considerable physiological research is 
being done in industrial laboratories, most of it is carried on under con- 
ditions such that our field receives no credit. 

If it be true that plant physiology is not making so large a contribution 
to plant science as it is capable of making, we should search for the reasons 
and attempt to find remedies. One reason may be that administrators in 
charge of teaching and research programs do not sufficiently appreciate the 
usefulness of plant physiology in training students and solving problems. 
This seems to be largely our own fault ; we have been too modest to advertise 
the contributions we can make and we have often failed to see or to take 
advantage of our opportunities. 

If we are earnest in our desire for plant physiology to attain its widest 
possible usefulness, we must educate scientists in other fields to appreciate 
its possibilities. Before we start a campaign to sell plant physiology to 
others, however, it might be wise to consider what we have to offer. First 
we, ourselves, must know what plant physiology can contribute to workers 
in other fields of plant science. It is probable that our aims and objectives 
have received too little attention. Each year hundreds of papers are pub- 
lished in the field of plant physiology, but almost nothing is published about 

1 Delivered as the address of the retiring president of the American Society of Plant 
Physiologists for 1945-46, at Boston, Massachusetts, December 27, 1946. 
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the field. This is unfortunate; more consideration should be given to the 
objectives of our field and its proper relationship to other fields of plant 
science. We must develop a clearer understanding of our aims and objec- 
tives—a sort of professional viewpoint or philosophy. We need to develop 
a clearer understanding of the scope of our field and its relationship to other 
fields of plant science; this is essential to the planning of both successful 
teaching and productive research programs. We must know for what we 
are training our students if we are to know how to train them, and we must 
imbue them with a broad viewpoint and stimulate their imagination if they 
are to render maximum service. 

It is difficult to define the field of plant physiology in terms of content 
because it is so éxtensive. Papers published in the area of plant physiology 
deal with such diverse subjects as the vitamin content of vegetables, the 
moisture content of leaves, the mechanism of respiration and of photosynthe- 
sis, plant hormones, weed killers, and methods of determining the permanent 
wilting percentage of soils. Originally the interests of plant physiologists 
were confined to the field of botany in its narrow sense, but in recent years 
they have extended to agronomy, forestry, horticulture, plant pathology, 
soils, biochemistry, and biophysics. Furthermore, topics once of interest 
solely to botanists are now important to other scientific workers. Thus the 
chemical composition of tobacco leaves may be as important to agronomists, 
soils technologists and chemists as to plant physiologists ; and measurements 
of respiration and of photosynthesis may be as essential to the explanation 
of problems in forestry and horticulture as in botany. The field of plant 
physiology therefore can no longer be clearly distinguished from other fields 
by content alone; it can be better distinguished in terms of its viewpoint and 
relation to other fields of plant science. This is illustrated by the following 
diagram showing the interrelations among various factors determining the 
growth of plants. 


Hereditary potentialities Environment of the plant. 
of the plant. 

The field of genetics and The field of ecology and 
plant breeding. soils technology. 


Internal physiological processes 
and conditions of the plant. 


The field of plant physiology. 


Plant growth. 


The field of applied plant science, including 
agronomy, forestry, and horticulture. 
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The behavior of plants, like that of other organisms, is determined by 
two interacting groups of factors. These are the genetic factors, determined 
by the heredity of the plant, and the environmental factors, determined by 
the conditions of soil and climate under which the plant is grown. Study 
of genetic factors obviously is the field of the geneticist and plant breeder, 
while study of the factors of the environment is primarily the field of ecolo- 
gists and soils technologists. 

Plant behavior, as measured in terms of quality and quantity of yield, 
whether corn, cotton, lumber, apples, or flowers, is primarily the concern of 
workers in applied fields such as agriculture, forestry, and horticulture. 
These men are concerned principally with the problem of how to grow larger 
crops of higher quality. They think and experiment chiefly in terms of 
erops, not of individual plants. No matter how much investigators in the 
applied fields learn about the effects of such specific treatments as fertilizers, 
irrigation, tillage, or cutting practices, on quantity and quality of growth as 
measured by crop yield, a very fundamental question is left unanswered. 
This question is: ‘‘ How do variations in hereditary and environmental con- 
ditions produce differences in quantity and quality of plant growth?’’ The 
answer is, of course, that the growth behavior of an organism can only be 
affected through changes in its internal physiological processes and condi- 
tions. Here lies the field of activity of plant physiology. The aims of plant 
physiologists are to observe and measure these internal processes and con- 
ditions, to study their physicochemical mechanisms and the effect on them 
of variations in environmental factors, and to use the information so obtained 
in explaining the behavior of plants. 

Plant physiologists have been effectively observing and measuring plant 
processes, but they have been somewhat negligent about interpreting and 
applying the results of their observations. Too often the interpretation and 
application of physiological findings have been left to workers in other fields. 
As a result, even though fundamental research has been done in plant physi- 
ology, full credit is seldom given for its discoveries. If plant physiology is 
to make its maximum contribution to plant science, plant physiologists must 
give more attention to the significance of their research, and especially to 
its usefulness in explaining plant behavior. Mere accumulation of data is 
not enough, no matter how carefully the data are obtained. Any industri- 
ous person can learn a technique, accumulate data, and publish a paper, but 
only a well-oriented investigator can interpret his results and publish a 
paper which makes a valuable contribution to our knowledge of plants. 

Much time, money, and energy are wasted on research projects from 
which no worth-while results are obtained simply because the investigators 
do not agree on a definite objective. Funds are available for research, a cer- 
tain problem seems interesting, or there is pressure to publish something ; 
so a piece of work is done without adequate consideration of its ultimate 
contribution. With a little more foresight and imagination a valuable con- 
tribution might result instead of another ‘‘So what?’’ paper. Such a waste 
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of time and money is all the more unfortunate because of the tremendous 
amount of fundamental research so clearly needed. 

There is not a single crop plant for which we have all the needed physi- 
ological data. Although much work has been done on a few species such as 
apples, corn, and tomatoes, there is no comprehensive, well-integrated survey 
of the physiological processes of any species under field conditions. Care- 
ful, and preferably simultaneous measurements of growth, photosynthesis, 
respiration, transpiration, stomatal opening, and other processes are needed. 
Such studies would make known the causes of variations in quantity and 
quality of yield and thereby aid in the control of the yield of crop plants. 
Some possibilities for worth-while physiological research in fields which have 
not been adequately investigated can be indicated by a few examples. 

Foresters have long debated the relative importance of shading versus 
root competition for water and minerals. They have attempted to solve the 
problem by various types of field experiments, particularly the use of 
trenched plots. Their experiments were not entirely satisfactory, however, 
because the results could be interpreted according to the bias of the observer. 
Actually the relative importance of water and light in the survival of tree 
seedlings depends on the physiological characteristics of the competing spe- 
cies, hence laboratory studies of these species are essential to determine the 
more important factor in survival. Foresters have learned from experience 
that certain silvicultural practices are better than others, but they seldom 
know why; plant physiology should help explain in terms of physiological 
processes why certain practices are successful and others unsuccessful. 

Plant physiologists, working for several decades in the mineral nutrition 
of plants, have acquired much information about the absorption mechanism 
and the manner in which some of these elements are used in the plant. 
Agronomists and horticulturists have performed numerous field experiments 
to study the effects of mineral elements on quantity and quality of the crop. 
Nevertheless, it is still not fully understood why specific fertilizer treatments 
produce certain results in terms of yield. This is because there is inadequate 
information concerning the effect of fertilizer treatments on various physio- 
logical processes. Since fertilizer treatments can affect plant growth only 
by changing internal physiological processes, the need for such studies seems 
obvious, yet little fundamental work of this sort has been done. Plant physi- 
ologists must bridge the gap between field and laboratory experimentation 
in order to explain plant behavior more completely. 

As another example, a certain tobacco research laboratory has a remark- 
ably complete set of chemical analyses of tobacco, showing the differences in 
composition of leaves grown on various soil types, with different fertilizer 
treatments, and in different seasons. Unfortunately, reasons for the differ- 
ences. in composition can only be surmised because there are no measure- 
ments of the physiological processes of tobacco plants grown under these con- 
ditions. Only after studying the water relations, the rate of photosynthesis, 
respiration, stomatal opening, and other processes as they vary with season, 
soil, and fertilization can the differences in yield and quality be explained, 
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and only when the causes for these differences can be explained can a 
rational, scientifically sound cultural program be developed for tobacco. 
The same is true of many other crops. These are clearly tasks for plant 
physiologists—tasks well worthy of their best efforts. 

The field of plant pathology offers many opportunities for physiological 
research. The physiological condition of a plant has important effects on 
its resistance or susceptibility to disease. Furthermore, many of the abnor- 
mal conditions termed diseases are physiological in nature and could be 
worked on more efficiently by physiologists than by pathologists. Progress 
in the control of human diseases has been greatly advanced by a physiologi- 
cal approach, and it is probable that plant physiology can make equally 
worth-while contributions to the control of plant diseases. More attention 
should also be paid to the physiology of fungi. Mycologists have given most 
of their attention to the morphology and taxonomy of fungi and physiolo- 
gists have concentrated on seed plants, so the physiology of fungi has not 
received the attention it deserves. There are scores of such opportunities 
to contribute to the knowledge of fundamental physiological processes and 
at the same time to obtain information valuable to workers in the various 
applied fields; the only requisite is the imagination to recognize opportuni- 
ties and the training and persistence to approach them scientifically. 

Two general approaches to physiological research are apparent. One is 
to concentrate on the details of particular processes without regard to the 
role of these processes in the life of the plant as a whole. Examples can be 
found in the investigations of the mechanisms of photosynthesis, respiration, 
and mineral absorption where the emphasis is on the chemical and physical 
processes involved rather than on their importance to the organism. The 
other approach might be termed ‘‘interpretative’’ in viewpoint because it 
stresses the plant as a unit and emphasizes the study of plant processes in 
order not merely to understand the processes but to explain the growth 
behavior of plants. 

Greater emphasis has been placed on the interpretative or applied 
approach for several reasons. In the first place it seems intrinsically impor- 
tant to our understanding of plants, and hence for plant science as a whole, 
that this aspect of physiology be energetically investigated. Secondly, plant 
physiology as a field will flourish only to the extent that it can prove the 
value of its work. Under present economic and social conditions it is rela- 
tively easy to obtain funds for research projects which promise to yield 
results capable of practical application, while it is extremely difficult to 
justify large expenditures on research of purely theoretical interest. If 
plant physiologists insist on working chiefly on projects of theoretical impor- 
tance with complete disregard for their applications, the field is apt to suffer 
from lack of financial support. Thirdly, development of practical applica- 
tions of fundamental research usually stimulates interest in and support for 
the related fundamental research. Only by demonstrating that our research 
yields information with worth-while applications can we expect to obtain 
funds and support with which to continue. 
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For example, twenty years ago the study of photoperiodism in plants was 
largely of academic interest, but it was soon discovered that a knowledge of 
the photoperiod requirements of various crops was useful to agriculture. 
Appreciation of the practical importance of photoperiod has stimulated more 
fundamental research in this field than would ever have been possible if its 
practical applications had not been demonstrated. Another example of the 
impetus than ean be given to fundamental research by practical needs is in 
studies of dormancy and retention of viability in seeds. Funds ean often 
be obtained for work on species of economic importance although financial 
support is not usually available for work on species of no economic impor- 
tance. The work on plant hormones was originally of only theoretical inter- 
est, but since it has been demonstrated that hormones and related substances 
have important practical applications in growing plants, research in this 
field has been greatly stimulated. 

While emphasizing the interpretative or applied approach, the contri- 
butions which come from specialized research on the mechanisms of various 
physiological processes should not be minimized. More investigators with 
training, inclination, and equipment for work in these specialized fields are 
needed. Nevertheless, it seems likely that most of the support for such 
specialized research will come because of the need to explain problems in the 
applied field. Of course there is no real distinction between fundamental 
and applied research ; there is merely a difference in viewpoint. It has often 
and truly been said that the more fundamental the research the wider its 
possible practical applications. The importance of fundamental research 
is widely appreciated, but more attention should be given to its application 
to practical problems. 

This emphasis on the necessity of understanding and cooperating in the 
solution of problems attending the growth of economic plants does not mean 
that short-time applied projects of the so-called practical type are desirable ; 
far from it. No greater disservice could be done to the applied plant sciences 
than for plant physiologists to forsake fundamental research on plant proc- 
esses and turn to investigations of the best methods of growing corn, cotton, 
tobacco, or forest trees. It is important, however, that there is a tremendous 
amount of basic research on plant procesess which should be done, because 
eventually this work will have important applications in growing better 
crops of corn, cotton, and forest trees. 

Another way of expressing this viewpoint is to state that more attention 
should be directed to the relevancy of research and teaching to the environ- 
ment of the workers. President Conant of Harvard University has been 
quoted as saying ‘‘To my mind a scholar’s activities should have relevance 
to the immediate future of our civilization.’’ The same can be said of a 


scientist’s activities; his work should be related to the general scientific 
problems of his environment. Financial support can hardly be expected if 
the researcher insists on following his own personal interests, without regard 
to the rest of the world. It is possible that problems which now seem irrele- 
vant may later become very important, but this is no excuse for neglecting 
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or avoiding work on problems which if successfully solved would have imme- 
diate applications. 

It is obvious that this viewpoint requires a high degree of cooperation 
with colleagues in other fields. We must become familiar with problems in 
other fields of plant science and in industrial research. We need better 
cooperation between those workers who are principally interested in basic 
research and those who are chiefly concerned with applications. An ex- 
change of ideas will stimulate imagination and broaden understanding. 
Many problems will be too complex to be solved by one worker or by workers 
in one field, hence investigators from several fields may cooperate. It will 
be necessary to call in chemists and physicists to aid in using the new 
research tools being developed in their fields. 

Development of a broad viewpoint must also be taken into account in the 
training of students. They must learn not only of the physiological proc- 
esses of plants, but also the contributions of these processes to the growth 
of the plant. Proper training of graduate students is of the greatest impor- 
tance, for the future of plant physiology depends on our success in training 
future teachers and investigators. 

More and more of our problems are becoming too complex for individual 
scientists to deal with effectively. This increases both the responsibilities 
and the opportunities for service of such organizations as The American 
Society of Plant Physiologists. The greatest service of our Society has been 
the publication of PLant PHuysioLoey, but certain other functions are likely 
to become increasingly important in the future. Society committees can be 
very helpful because they are able to collect and evaluate information on a 
seale impossible to individuals. 

The Society committees on chemical and physical methods have given us .- 
useful reports, and they should continue to keep us informed concerning new 
research methods. New committees have been authorized to study such 
problems as the professional status of plant physiologists, the training of 
students, and the relation of plant physiology to industrial research. The 
Society must now consider how to cooperate effectively with the other plant 
science societies and what its relation will be to an organization representing 
all the biological sciences. There is need for greater cooperation among 
individuals in supporting our Society and among societies in promoting 
objectives common to all workers in the plant sciences. Such cooperation 
will help us as individual scientists to work more efficiently and will enable 
our societies to work more effectively for us. 

To be successful our officers and committees need active support. Obtain- 
ing new members and paying dues are important, but that alone is not 
enough to make our Society successful. All of us must study our problems 
and help the officers and committees solve them. Just as the success of our 
field depends on the value of our scientific contributions, so the success of 
our Society depends on the extent of our contributions as members to its 
activities. 
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THE NON-FLOWERING CHARACTER OF SWEET POTATOES 
OF THE JERSEY TYPE* 


JOHN HARTMAN 
Received May 12, 1946 


Most varieties of sweet potatoes (Ipomoea batatas Lam.) bloom fairly 
readily under proper environmental conditions. So far as the writer knows, 
however, there is no report in the literature of a first-hand observation of 
blossom formation in any variety of the Jersey group, a group defined by 
THompson and Beattie (1). Physiologists, formulating theories of the 
fundamental mechanisms of flower formation, must take into account the 
unique behavior of this subspecies from a family of plants whose members 
are more or less characterized by their capacity to produce blossoms at most 
nodes while continuing to grow indeterminately. At the same time it is 
important that a method of producing flowers on Jersey sweet potatoes be 
found; it is highly desirable that Jersey varieties should be crossed with 
other varieties in order to combine the excellent market appearance of the 
Jersey storage roots with the disease resistance, high vitamin content, and 
vigor found in other members of the species. It is hoped that this paper 
may stimulate interest in the problem and result in observations and sug- 
gestions of benefit to this work. 


Summary of observations and trials 


Attempts to discover or induce flowering of the Jersey sweet potato have 
involved a long series of exploratory trials and observations. Because there 
was no clue regarding a means of modifying radically the normal vegetative 
form of growth, elaborate quantitative tests seemed inadvisable. Under dif- 
ferent environmental conditions none of the many kinds of Jerseys has 
shown any marked change either in branching habit or in form of leaves. 
Vineland Bush, a cultivar with short internodes, and several strains of the 
Big Stem Jersey subgroup did not develop any more evidence of approach 
to a reproductive phase than did the regular Little Stem Jersey varieties. 
All of the following treatments were ineffective: 

1. Continuous lighting (24-hour days) of old plants either at tempera- 
tures ranging from 50° to 60° F. or from 80° to 105° F. or higher. Light 
was provided by 150-watt Mazda bulbs. Some growing points were as close 
to the bulbs as possible without danger of burning. These plants, of course, 
could not be grown at the lower temperature levels. Other plants were 
arranged at distances up to five or six feet from the light source. 

2. Varying day length with season from about 12 to 1534 hours outside 
and 93 to 154 hours in the greenhouse. Generally, natural daylight was 

1 Journal Paper no. 249, Purdue University Agricultural Experiment Station. 
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relied upon, but in the winter of 1943-44 sunlight in the greenhouse was 
supplemented by light from a battery of fluorescent lamps placed from one 
inch to several feet from the growing points of the various plants. It was 
found that Porto Rico, Nancy Hall, Southern Queen, and many seedling 
sweet potatoes bloom fairly well in the spring in the greenhouse without any 
supplemental lighting. Some years, Southern Queens, if widely spaced, also 
bloomed rather freely in the field. 

3. Partial girdling of the stem by notching it to a depth two-thirds of its 
diameter. Such girdling was done at different times, on old plants, and 
with various day lengths and light intensities. 

4. Grafting young branches of Jersey sweet potatoes on weakly flower- 
ing plants of Porto Rico and of certain seedling strains. Successful grafts 
are easy to make, but without continual attention the plants do not grow 
well. Apparently, normal branches of the stock plant compete at a consid- 
erable advantage with the scions. For satisfactory development it is neces- 
sary to remove all stem buds and to cut off all new shoots which continually 
arise from below the ground level. The pruning done, although time-con- 
suming, was neither sufficiently thorough nor often enough repeated. None 
of the scions made more than a foot of new growth. 

5. Grafting young branches of Jersey sweet potatoes on abundantly 
flowering plants of wild sweet potato (Ipomoea pandurata (L.) G. F. W. 
Mey) and of a wild morning glory (Ipomoea hederacea Jacq.). Again, the 
stock plant had to be repeatedly pruned to prevent its putting out branches 
or new shoots. When such care was given, many of the grafts grew ex- 
ceedingly well. 

6. Growing individual plants continuously in the greenhouse until they 
were two years old. Such plants were kept pruned to single stems so that - 
young branches received nitrogen through old stems. Although generally 
not vigorous, they sometimes had vines 20 to 25 feet long. Potatoes formed 
on these old plants were amputated on different occasions by washing away 
soil from around the bases of the plants and severing the connections of 
storage roots and main stems. Under favorable conditions young plants of 
Southern Queen and of certain non-commercial strains of sweet potatoes 
produced flower buds on shoots not more than two months old, from time 
of bedding sprouted roots. These vines were less than a foot long. 

7. Wide spacing of plants in the field, for example 10 by 10 feet, and 
staking of principal branches. This treatment, suggested by J. C. Miller 
of the Louisiana Agricultural Experiment Station, seems, under favorable 
conditions of soil moisture and atmospheric humidity, to encourage the blos- 
soming of some varieties, e.g., Porto Rico. Even with girdling, however, 
wide spacing was entirely ineffective for Jersey sweet potatoes. 

8. Starving plants for nitrogen both in the field and in the greenhouse. 

Attempts to induce flowering have extended over a period of eight years. 
Various combinations of the eight treatments listed above have been used 
and numerous environmental conditions have been employed. 
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The writer is indebted to several persons who assisted in the various ex- 
ploratory trials: Miss Frances SHoar, Mr. ERNEst NORDLINGER, and espe- 
cially Miss Mary Bruce, a graduate student who has been very successful 
both in making grafts of sweet potato on J. pandurata and I. hederacea and 
in maintaining the growth of scions. 
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THE CHEMICAL RELATION OF THE LEAF, SHEATH, AND 
STEM OF BLUE PANICUM, PANICUM ANTIDOTALE RETZ. 


MARTIN GIBBS 


Received March 19, 1947 


It has been the custom in this laboratory in preparing grasses for chemi- 
eal analysis to separate the tops into leaves and ‘‘stems’’ by clipping the 
leaves next to the ligule; thus the ‘‘stem’’ consisted of the true stem plus 
the leaf sheaths. The separation was made in this way because of the diffi- 
eulty of removing the sheath from the stem; however, from a structural 
point of view, the sheath belongs with the leaf. It was of interest, therefore, 
to compare the leaf blade, sheath, and stem on the basis of chemical con- 
stituents ; no reference to work of this sort has been found in the literature. 


Procedure 


Blue panicum, Panicum antidotale Retz., which had been grown in the 
greenhouse was harvested when the plants were fully mature and about 
three feet tall. The plants, separated into stems, leaf blades, and sheaths 
dried rapidly in an oven ventilated by a stream of air at 70° C. The tissue 
was ground in a Wiley mill to pass a 40-mesh screen. 

Data on the comparison of chemical constituents of leaf, sheath, and stem 
are shown (table I). Total nitrogen was determined by a modified micro- 
Kjeldahl method as described by Noageie (3). The ash components were 
determined on a wet-ashed sample prepared and analyzed as described by 
(2). 

Reducing and total sugars were determined on a one-gram sample with 
the Shaffer-Somogyi reagent according to HEINze and MurNEEK (1). The | 
earbohydrate results are reported in terms of glucose. All analytical results 
are reported as milligrams of the chemical constituent per gram of dry tissue. 


Results and summary 


The values in parentheses have been obtained on the basis of the sheath 
value as equal to 100. There are significant differences in the chemical con- 
stituents of the leaf blade, sheath, and stem of blue panicum (table I). 
These differences justify the separation of grass shoot samples for chemical 
analysis into the three groups used in this study. It would also be possible 
to separate the samples into two groups, one consisting of the leaf blades 
plus sheaths and the other consisting of the stem only; this method appears 
more advantageous than the older way of separating samples into one group 
of leaf blades only and a second group of stem plus sheaths. 


The author is indebted to Dr. G. R. Nogerz, Assistant Professor of 
Botany, University of Virginia, for suggesting this problem. 
UNIVERSITY OF ILLINOIS 
URBANA, ILLINOIS 
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A MODIFICATION OF THE CELLULOID HOLDER 
FOR COBALT CHLORIDE PAPER 


Victor A. GREULACH 


Received March 21, 1947 


The celluloid holder for cobalt chloride paper devised by Meyer (2) 
is a device generally satisfactory for use in studies of water vapor loss from 
leaves, but the gummed eyelet reinforcements used for attaching the paper 
to the celluloid often do not adhere well. This difficulty can be overcome 
by using adhesive cellulose tape (Scotch Tape) instead. 

A piece of half-inch tape about one and one-half inches long is torn 
off and a hole approximately one-fourth inch in diameter punched in the 
center. A square or dise of cobalt chloride paper about five-s:xteenths of an 
inch in diameter is placed over the hole on the adhesive side of the tape, 
the tape attached to the celluloid strip, and the projecting ends of the tape 
trimmed even with the edges of the strip. It is not necessary to notch the 
celluloid strip as is done when the gummed eyelet reinforcements are used. 

If desired the size of the holder may be increased slightly allowing 
permanent color standards as described by Livinaston and SHREEVE (1) to 
be attached to the hygrometric paper. This is not feasible when gummed 
eyelets are used. 
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NOTES 


Election Results.—The retiring Secretary has announced the following 
results in the annual election of officers: President, F. W. Went; Vice- 
President, R. B. WirHrow; Secretary, C. H. WApieicH; Executive Com- 
mittee, P. J. Kramer; Editorial Board, D. R. Hoacuanp. The Constitu- 
tional Amendment passed with only one dissenting vote. The vote for the 
time of meeting stood 154 for September to 175 for December. 


Life Membership.—The Executive Secretary-Treasurer announces the 
purchase of a Life Membership by Rozert E. Burns, Department of Botany, 
State University of Iowa, Iowa City, Iowa. An earlier purchaser was Dr. 
WENDELL Muuuison of Midland, Michigan. 


Dr. C. Stacy French.—Dr. C. Stacy Frencu, Associate Professor of 
Plant Physiology, at the University of Minnesota, Minneapolis, has been 
appointed to the Division of Plant Biology of the Carnegie Institution of 
Washington at Stanford University, California, as announced by the Insti- 
tution on March 28. Dr. FRENcH has assumed the duties of Director of the 
Division, as of July 1, succeeding Dr. H. A. Spornr, who is relinquishing 
administrative responsibilities in order to devote his full energies to his 
researches on the products of photosynthesis. Dr. SporHr has served as 
Chairman of the Division since 1932. 

Born in Lowell, Mass., December 13, 1907, Dr. FreNcH was graduated 
from Harvard in 1930, and received the degree of Ph.D. from that univer- 
sity in 1934. He was a research fellow at the California Institute of Tech- 
nology in the following academic year. After spending a year working 
with Proressor Orro Warsure at the Kaiser Wilhelm Institut fiir Zell- 
physiologie in Berlin, Dr. Frencn returned to Harvard as Austin teaching 
fellow in biochemistry for 1936-38. He was instructor in chemistry at the 
University of Chicago from 1938 to 1941, when he joined the University of 
Minnesota faculty. 

In his researches, Dr. FRENCH has been concerned especially with such 
subjects as cellular respiration, and the photosynthesis of purple bacteria 
and of green leaves. His work is thus closely related to the general pro- 
grams of the Division of Plant Biology. This research center was organized 
in its present form by the Carnegie Institution of Washington in 1928, its 
history dating back to 1903, when the Institution’s Desert Laboratory was 
established. Its major fields of work are the biochemistry of plant life, in 
which photosynthesis is of primary importance, and experimental taxonomy, 
in which the forces controlling the natural evolutionary process are the main 
foeus of interest. 

Dr. SpoenR, who joined the staff of the Desert Laboratory in 1910, be- 
came chairman of the Division in 1927. After serving as director for the 
natural sciences of the Rockefeller Foundation in 1930-31, he returned to 
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the chairmanship of the Division. Carbohydrate metabolism and photosyn- 
thesis are his major fields of investigation, concerning which he has pub- 
lished many scientific papers. He will continue his investigations on the 
production of carbon compounds by plants. 


Trace Elements in Plants and Animals.—Watrter Stites. The Mac- 
millan Company, New York. 1946. 189 pages. $2.75. 

The author presents a digest of experimental work on trace elements in 
the life of plants and animals carried out in both field and laboratory. In 
this book a highly technical subject is presented in an understandable man- 
ner and brings together in one volume information of value for the tech- 
nical research worker. This work should be valuable to all persons inter- 
ested in the nutrition of plants and animals. (Fertilizer Review.) 


Elements of Soil Conservation.—Hvuau HAMMOND BENNETT. McecGraw- 
Hill Book Co., Inc., New York and London. 1947. 406 pages. $3.20. 

The author has drawn upon many years of experience to present a com- 
prehensive text on methods and techniques involved in modern soil conserva- 
tion. It should prove valuable as a text for agricultural students. The 
author points out many practical aspects of the problem and presents strik- 
ing figures to illustrate his points. (Fertilizer Review.) 


The Production of Tobacco.—WicHTMAN W. GaRNER. The Blakiston 
Co., Philadelphia. 1946. 516 pages. $4.50. 

Dr. Garner has produced an authoritative and well-illustrated book 
covering all phases of tobacco production. Two chapters are devoted to 
fertilization and mineral nutrition. The book is of special value for student 
and reference use with complete bibliographies. (Fertilizer Review.) 


Fifty Tropical Fruits of Nassau—Kenpau and JuLIA Morton. Text 
House, Coral Gables, Florida. $3.50. 

While this book was written to acquaint visitors with the assortment and 
variety of the fruits of Nassau, it is well recommended by qualified botanists. 
The volume is richly illustrated and of the narrative-inventory type. Pho- 
tographs of the fruits are quite complete and the text deals primarily with 
the history, description, and utility of the fruits, including the manner of 
preparation for the table. 


The Cereal Rusts as Exemplified by the Leaf Rust of Wheat.—K. 
Srarr CuHeEsterR. Chronica Botanica, Waltham, Mass. 1946. 270 pages. 
$5.00. 

The principles developed in this monographic treatment of wheat rust 
apply to cereal rusts in general as well as plant diseases in general. The 
book is based on the world literature and the author’s researches in this 
field. Particular emphasis is given to the effect of environment on rust and 
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host plant, host-parasite relationships, rust dissemination, specialization, 
and control. 


Index to the Literature on Photochemical Analysis.—American So- 
ciety for Testing Materials, 1916 Race St., Philadelphia 3, Pa. 200 pages. 
$3.00. 

This Society, through its Committee E-2 on Spectrographic Analysis, 
has sponsored the publication of two indexes on this subject. One, issued 
in 1940, covered the years from 1920 to 1939; the second, just available in 
1947, covers the period from 1940 to 1945, inclusive. The second Index has 
almost a thousand contributions to literature in this field with brief abstracts 
of the material. The painstaking and intensive work of maintaining and 
compiling these indexes was carried out under the direction of staff members 
of the Nationai Bureau of Standards. Copies may be obtained from the 
A.S8.T.M. Headquarters. 


Enzymes.—JaMEs B. SUMNER and G. Frep Somers. Second Edition. 
The Academic Press, Inc., New York. 380 pages. 1947. $6.50. 

A revised and enlarged second edition with new material and complete 
revision of some sections. The preparation of various enzymes is stressed 
and methods are given for their extraction and purification. The first 
chapter of the book is concerned with the general properties of enzymes and 
this is followed by detailed treatment of the hydrolytic and oxidative en- 
zymes. A short discussion of desmolases, hydrases, and mutases is then pre- 
sented with the addition of one chapter on carbohydrate metabolism. Each 
chapter is followed by a complete bibliography of abbreviated citations. 
This new edition should be of interest as a general reference and represents 
a usable compilation for the laboratory. 
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